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Abstract

One of the key goals of string theory is to provide a unification of general relativity and quantum field
theory. In the pursuit of this goal it has become clear that the different string theories that have been
discovered so far are all in fact, partial descriptions of a single theory. At strong coupling a new theory,
called M-theory, is the correct description. M-theory includes gravitons, M2-branes and Mb-branes. Up
to now, the correct description of the M5-brane is outstanding. In this project some proposals for this
theory are studied.

In particular, there is a proposal that D=5 maximally supersymmetric Yang-Mills theory can be used to
provide a description of the world volume physics of the M5-brane. According to this proposal, instantons
in D=5 maximally supersymmetric Yang-Mills theory are graviton excitations of the M theory. In this
M.Sc dissertation the instanton solutions of D=5 maximally supersymmetric Yang-Mills theory are
explored, with the goal of testing the above proposal. The dissertation begins with a review of the uses
of instantons in quantum mechanics. In particular, instantons are used to account for tunneling effects
within a path integral approach to quantum mechanics. The lifting of ground state degeneracies as well
as the estimation of the lifetime of unstable states using instantons is developed. The quantization of
gauge theories is reviewed in detail. The relevance of instantons for a semi-classical study of Yang-Mills
theory is explained. Finally, the relevance of instantons for D = 5 maximally supersymmetric Yang-Mills
theory is considered.
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1. Introduction

Unification has been a remarkably fruitful idea. Indeed, ever since Maxwell first synthesized electricity
and magnetism into a single theory of electromagnetism and, in the process, explained that light is
an electromagnetic wave, unification has been an important guiding principle. Currently, unification
is driving the search for a single framework uniting the classical theory of gravity, described in the
framework of Einstein's General Relativity, and the remaining forces, described using the framework of
quantum field theory. This unified description, dubbed quantum gravity, still appears to be far from
completed.

String theory is a promising candidate theory of quantum gravity. Perturbative string theory is obtained
through the quantization of a two dimensional superconformal quantum field theory living on the world-
sheet of the (one dimensional) fundamental string. This theory has a rich spectrum of spacetime states,
rich enough to capture the physics of the all known interactions we see in nature. There are at least five
different supersymmetric string theories in ten dimensions. The specific theory one constructs depends
on the possible choices we make about the topology and field content of the fundamental string.

Open strings are described by worldsheets that have a boundary. A consequence of this boundary is
that the left- and right-moving fields in the worldsheet quantum field theory are identified due to the
boundary conditions of the worldsheet. The resulting theory is known as type | string theory. The
bosonic spacetime states arising from the open string include a massless spacetime vector field, A4,
with an SO(32) gauge group.

If the string is closed the worldsheet has no boundary. In this case the left and right moving fields
are essentially independent. There are two possible closed string theories known as type IIA and type
IIB. These theories differ in the chirality of the left and right moving fields. The spectrum of the type
[IA and type IIB string theories both include the massless spacetime states for a scalar field (called
the dilaton), an antisymmetric field with two indices (called the Kalb-Ramond 2-form) and a traceless
symmetric field with two indices (the graviton). The graviton is the quantum of the gravitational field
and its appearance in the spectrum is why string theory is a quantum theory of gravity. There are other
massless states that are not shared by type IlIA and type IIB string theory. Type IIA contains a 1-form
and a 3-form field, and type IIB containing a O-form, a 2-form and selfdual 4-form field.

The interaction of open strings in type | string theory will create closed strings. These closed strings are
in fact those of type IIB theory projected so that they are unoriented. This projected string gives rise
to a spacetime dilaton, graviton and 2-form field, so that the type | theory is also a theory of quantum
gravity.

The remaining two string theories come from the peculiar choice of taking the left moving fields to
be purely bosonic while the right moving fields are supersymmetric. To obtain a consistent theory,
we have to set things up so that the left moving and right moving fields live in a different number of
spacetime dimensions. To obtain a consistent theory with a sensible interpretation, the bosonic fields are
compactified on a 16-dimensional manifold. There are two consistent choices for this compactification
which gives rise to the Eg x Eg and SO(32) heterotic string theories.

If string theory is to be our theory of everything, then it is a little puzzling that there are five consistent
string theories. It would be much more attractive if there was a single unique theory. This difficulty may
be resolved by the discovery that the five string theories can be related by a web of dualities. The type
I1A and type IIB theories are related under T-duality. What this means is, if the [IA and IIB theories are
studied on a spacetime that includes a circle, then the physics of IIA string theory on a small circle is
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identical to the physics of IIB string theory on a big circle and vice versa. T-duality is a “big circle-small
circle” equivalence. The heterotic string theories are also related under T-duality. Type | string theory
at small string coupling is related to the SO(32) heterotic string theory at large coupling. This is known
as S-duality. These connections between the different string theories strongly suggests that they share
a common origin and hence that there is a more fundamental underlying theory.

The conjectured theory that links these five string theories has been dubbed M-theory. It is an eleven
dimensional theory. We do not yet have a fundamental description of M-theory (as we do with string
theory in terms of the fundamental string). We can, however, infer a lot about the objects that must arise
in M-theory knowing that it must contain the five string theories and eleven dimensional supergravity.
Indeed, the field content of eleven dimensional supergravity, implies that the massless bosonic fields in
M-theory must be a graviton and a 3-form. Eleven dimensional supergravity also contains stable 2-brane
and 5-brane solutions, suggesting that M-theory contains appropriate M2-branes and M5-branes.

The Mb5-brane has defied description. Recent speculative conjectures suggest that the M5-brane theory
on a circle is dual to the five dimensional super-Yang-Mills theory that arises as the low energy action
of multiple D4-branes. This is a 4 + 1-dimensional theory. The M5-brane theory should be a 5 + 1-
dimensional theory. How does the missing dimension emerge from the five dimensional super-Yang-Mills
theory? Instantons play an important role in this conjecture [1]. Indeed, they are supposed to encode
momentum modes of the emergent dimension. Instantons are solutions in four dimensional Euclidean
Yang-Mills theory which are characterized by a selfdual field strength. They were discovered 35 years ago
and have played an important role in understanding quantum tunnelling in four dimensional Yang-Mills,
and in understanding supersymmetric gauge theories. For our present application to five dimensional
Yang-Mills theory, instantons are solutions in the four spatial dimensions and can evolve in the time
direction. Very little is known about the dynamics of instantons, in this setting.

Notice that although string theory has played a prominent role is the specific motivation for our problem,
we could easily motivate our study as an exercise in quantum field theory, or in dualities. We do not
know whether string theory will ultimately give a useful or sensible description of anything in physics,
so it is important to bear this comment in mind.

The instantons we study have a slow roll instability in the soliton size. If the static soliton is given a
small perturbation, it will either shrink or expand at a constant rate until it hits zero size or expands
indefinitely. This pathological behaviour seems to conflict with the purported role of instantons as
momentum modes for an emergent dimension. However, instantons can be stabilized with the addition
of a potential. In this case, the solutions must also be given an appropriate rotation to stabilize against
collapse from the potential, and in doing so they gain an electric charge. These charged solitons, known
as dyonic instantons in five dimensional Yang-Mills, are stable to perturbations.

The space of all physically different instanton solutions is known as the moduli space. The low energy
dynamics of topological solitons can generally be approximated by geodesic motion through the moduli
space. Intuitively, the static solitons are the lowest energy configurations in each topological sector,
and giving them a small velocity will only increase their energy slightly. These configurations will then
always stay close to the minimum energy configurations by energy conservation. The moduli space can
be thought of as the floor of a potential valley in the space of all solutions to the Yang-Mills equations
of motion, and the evolution of slow moving solitons must stay near the bottom of this potential valley.
So long as the evolution does not ascend too far up the valley, the motion can be approximated by
motion exactly along the valley floor, or as the evolution through snapshots of the static solitons in
the moduli space. For dyonic instantons, each solution has a different electric charge, which induces a
potential on the moduli space. So long as this potential is shallow compared to the surrounding valley,
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the moduli space approximation is still valid [2]. Instanton solutions can be found using a technique
known as the ADHM construction which recasts the problem of solving the selfdual field equation into
a set of non-linear algebraic equations [3]. This technique is used repeatedly in calculations involving
instantons, as it generally allows us to turn all expressions involving derivatives and integrals into purely
algebraic expressions. The ADHM construction also provides a natural coordinate system on the moduli
space of instantons, at least when an explicit parameterization of the ADHM data is known.

In chapter 2 we introduce instantons in the simplest possible setting: quantum mechanics. We explain
how instantons dominate the semiclassical limit after the path integral has been continued to imaginary
time. We also explain how the analytically continued path integral is in fact computing properties of the
ground state. In chapter 3 we review the quantization of Yang-Mills theories. Although this chapter is
not strictly needed to understand the instanton physics we will explore, it is included for completeness.
Chapter 4 then considers Euclidean Yang-Mills theory. This chapter develops instantons in a quantum
field theory setting. Chapter 5 is concerned with reviewing material relevant to the conjectured link to
the physics of the M5-brane. Conclusions are collected in chapter 6.

This dissertation reviews a large amount of material. For that reason we recommend some further
sources in the vast available literature. The mathematical techniques used to study instantons as well
as further applications can be found in [4]. For further background on quantum field theory the textbook
[5] is a modern and detailed introduction. Finally, worldsheet string theory as well as a few modern
topics are treated in detail in [6, 7].



2. Instantons in Quantum Mechanics

2.1 Transition amplitudes and path integrals

We will develop the basic approach in the simple setting of quantum mechanics. We focus on the ground
state wavefunction and ground state energy of the system. A key ingredient is quantum tunnelling [8].
Quantum tunnelling is a non classical physics phenomenon. It only occurs in quantum mechanics and
allows a particle to tunnel through a potential barrier. To illustrate this idea, consider the following
figure.

Figure 2.1: Particles located at the minima of the potential. The wavefunctions of the particles are
indicated by striped functions.

In the above figure, the particles are represented by the small blue balls. The particles were placed at
their most probable positions in the ground state. The arrows represent the possible quantum tunnelling
events.

To study properties of the ground states we will see that it is useful to start by considering the transition
amplitude for a particle to move from x; at time ¢; to ¢ at time t7 (ty > t;), [9, 5]. The path integral
evaluates this transition amplitude by summing over all possible paths the particle could have used to
make this transition.

Figure 2.2: A spacetime diagram showing one possible path that could be followed by a particle. The
path integral performs a sum over all possible paths.
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The transition amplitude is

which can be written as ‘
(:nf|e_ZHT/h|xi>, where T =ty —t;. (2.1.2)
In terms of a path integral
z e HT/h z;) =N [ l|dx etS/h 2.1.3
f

where H is the Hamiltonian of the system, IV is a normalisation constant, S is the classical action of
our system and the integral runs over all possible paths. To be concrete we consider a particle moving
under the influence of an external potential V' (z). The classical action takes the form

T

S— /t;f dt [; <Zf)2 _ V(a:)] _ /_T dt [; <C§§)2 _ V(x)] . (2.1.4)

2

[

To study the ground state we will that that it is useful to consider the change of variable

t=—itp = T =—iTg; (2.1.5)
under which
2 1/ dr\?
/ it [2 (th) +V (@) (2.1.6)
=1iSg. (2.1.7)

SE is called the Euclidean action. The Euclidean action is the analytic continuation of the original real
time action. Equation (2.1.3) can be rewritten in terms of the Euclidean action and the Euclidean time
tg as

(zple HTB/M 2,y = N/[dx}e_SE/h. (2.1.8)
Consider the left hand side of equation (2.1.8). Inserting a complete set of energy eigenstates, we have
(@ple HT Mg,y = e BeT/M | (3 00Y(0) ;) + (ap|1) (1]ay)e™Er=BT/h (2.1.9)

In the limit T — oo, this last expression for the transition amplitude can, with exponential accuracy, be
approximated as

(sl BT /M) = BT 10 0, (2.1.10)
Combining this last equation with the equation (2.1.8), we have
(zple HT/ Mgy = N/ [dz]e=5B/" (2.1.11)
e~ BT/ (5 £10)(0]2), (2.1.12)
T—>oo

where we integrate over paths that obey the boundary conditions
x[-T/2] = x; and z[T'/2] = xy.

This is a key result since it shows very directly how properties of the ground state can be computed
using a path integral.
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2.2 Steepest descent saddle point approximation

—— t =
— t=10

a 2 [) 2 2 6

Figure 2.3: Profile of functions ¢ Mgz (#?-3:5)7-02)

Steepest descent is a method used to approximate the value of an integral. The fundamental idea is
that the value of the integral should be dominated by contributions from the neighborhoods of points
where the integrand peaks, [10, 11]. The integral we consider is

I= /dzeth(z),
¢

where z =z + iy, t > 0 and h(z) is a complex valued function

(2.2.1)

Note that we require t is large which ensures that the integral is dominated by the peaks of the integrand.
See Figure 2.3 for an illustration of the impact of small and large values of t. The function h(z) is
assumed to be analytic (holomorphic), which implies the Cauchy-Riemann equations are satisfied

i
= G

{f%
or
99 _ 9%
dy Oz
Start by choosing a path (, such that ¥(z,y) is a constant along (,. Since the integrand is not wiggling
along this path, the dominant contribution is from the peak of €!® which is given by the peak of ¢(z,y).
If ¢ changes rapidly along this path, steepest descent will give an accurate answer. This is indeed the
case. Noting that ¢ changes most rapidly along the path with tangent given by V¢, and that if
Xo =X, +0X = X + eV,
= (X2) = ¥(X1 +V9),
= (X)) +eVo- Vi,
= (X)),

Thus 9 is constant along the path for which ¢ varies most rapidly. Note that the passage to the last
line above used the Cauchy-Riemann equations. Finally, we can summarize our discussion by saying
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that the tangent of the path (, at a certain point, is parallel to 6¢> at that point and the approximated
value of the integral (2.2.1) along the path (, for large ¢ is

= / dX e, (2.2.2)
Co
X2
/ dX exp <t¢max + tgb”(Xmax)Q) ) (223)
X2
dX exp <t¢max t|¢”|2> : (2.2.4)

t¢maq / (2.2.5)
max

qb!\_ _ Pmax _ Qpﬂ

max

b) c)

Figure 2.4: a) An example of a path (, in the complex plane, b) the profile of ¢ along the path (, and
¢) the profile of ¢ along (.

Now use steepest descent to evaluate the path integral in (2.1.11). Steepest descent will be valid in the
h — 0 limit. The first step is to find an extremum of the action Sg. Variations around this path vanish

to first order. Thus
T 2
2 1 (dx
SE_/T dt [2<dt) +V(x)
= 0Sg=0 <0 _/ dt de> 0 <dx) + dV(x)M] ,
dt dx
[ (dx dV (z)
_W / dt dt2> L }ax.

The first term in the last equation vanishes because the end points (z; and z ) are fixed for all possible
paths x + dx which implies that dx vanishes at the endpoints. Finally, we have

A’z dV(z)
= (2.2.6)
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The equation (2.2.6) is called the Euler-Lagrange equation. This equation is the equation of motion for
a particle moving in the inverted potential —V (x).

For simplicity, assume that Sg has only one extremum, given by the path Z(t). For a general path z(t),
we write

=Z(t) + Y _ Coan(t), (2.2.7)
where {z,}, o) is a complete set of orthonormal functions,
T/2
/ Atz () Tm (t) = Onm. (2.2.8)
~T/2

To ensure that x(t) satisfies the correct boundary conditions, we require

zn(=T/2) = 2,(T/2) =0, so that (2.2.9)
x(=T/2) = 2(-T/2) = x4, and (T/2) = 2(T/2) = xy. (2.2.10)

Thus the integral over all possible paths becomes an integral over C,,. The integral measure is now
defined as

(2.2.11)

H\/ﬁ

The factor m is chosen to simplify our calculation. Note that we still have not specified the normal-
ization N in (2.1.11).

In the following we will expand SE up to the second order in C,, which is good enough for us to
evaluate the path integral using the method of steepest descent. Indeed the i — 0O limit will suppress
the contribution of higher orders in C), in the path integral and enhance the peak at Z(¢). Expanding
SE to second order in C), yields

SE[JC] = SE[i"“ZnCnl'n]’
/2 1 |dz da
= dt{ = | — n—n
/_m 2[dt+;c it
3 T/2 d:vm da:n dV

2
+Viz+>,Crhznl ¢,

Z Chxn

7T/2

A2V CnCp,
el Z Tl‘nl’m + O(CS)} )
T/2 dz dxy, e CnCn | dxy, dxy, "
Note that
/2
T/2 dz dx., . dx ! /2 d°z /
/_T2dtZC [dt g V(x)xn}— chdtxn —|—/_T2dt20n[ dt2+V(x)} T,
/ —T/2 /
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This integral vanishes after using the Euler-Lagrange equation in (2.2.6) and the boundary conditions
n (2.2.9).

In what follows we will use the boundary conditions in (2.2.9), the orthogonality condition in (2.2.8)
and have chosen the x,, to obey

d? "
[_dt2 +V'(z )} Tm = A\nZm-

An, are the eigenvalues of the operator [—% + V”(a?)] First consider

T/2
/T/2 C, C dx,, dz, V@) = CnCm%m /
_T/2 dt dt ey 2 dt " /
n,m n,m —T/2
T/2 CnCm d2 "
+/_T/2 > g [dt2+v G ﬂ .
T/2
:/ CnCmmn)\nxm.
T2 A 2

Thus, using orthogonality of the z,(t), we have

T/2 C,.Cr, [dxy, dzm, - C?

7T/2 n,m n

We can now write, correct up to second order in C,
Splz(t)] = Sp[E(t)] + Z ")\ +0(C3). (2.2.12)
The path integral we are computing reduces to a Gau55|an integral. This is easily performed to obtain

; dcC, ca
N/dx e Se/h :Ne—SE[fﬂ(tWﬁ/ — e 2.2.13
[d] 1;[ V2rh (22.13)
Ne—SelE]/h
S — (2.2.14)
V Hn )\TL
Ne—SelE]/h

- ¢ . (2.2.15)

et (~ 8 +v7@)

This final result is a non-perturbative answer because e SEEMI/" can’t be expanded in a series using
positive powers of /. Working to higher order in (), will generate corrections that come with positive
powers of h.

2.2.1 Remarks.

e Our result is obtained assuming there is only one peak of the Euclidean action. However we can
generalize our result when there is more than one peak. We simply sum the contribution of each
of the additional peaks.

e The second remark is that our result in (2.2.15) holds for any V(z). Thus it is natural to check
the validity of our calculations by testing (2.2.15) for the simple harmonic oscillator. Of course, we
perform this check because we already know the energy spectrum for a simple harmonic oscillator.
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2.3 Example 1: Harmonic oscillator

The aim of this section is to recover the ground state energy of the harmonic oscillator, by using path
integral techniques. The potential for the harmonic oscillator is

V= %wQ:UQ. (2.3.1)
Thus, the corresponding Euclidean action is
T/2 T2 1 /dz\? 1
Sp = / dtLp = / dt | = <> + —w?z?| . 2.3.2
,T/Q 7T/2 2 dt 2 ( )

Our first step is to find the path Z(t) that extremizes Sk, by solving the equation of motion. We need
to solve

e —av]

The general solution is
#(t) = Ae*t + Be v, (2.3.4)
where A, B are constants of integration. To find these constants, use the boundary conditions
P(=T/2) =0 = Ae “T/2 4 BewT/2 =, (2.3.5)
(T/2) =0 = Ae?T/2 4 Be™wT/2 =, (2.3.6)
Hence, equations (2.3.5) and (2.3.6) yield
A=B=0 = z(t) = 0. (2.3.7)

For this solution

Sglz(t)] =0, (2.3.8)
and (2.1.11) and (2.1.12) become
N

Vdet(—02 + w?)

Now, we want to compute the determinant under the square root of (2.3.9). Towards this end, consider

(2 70)(0]a;)e FoT/M = (2.3.9)

(_6152 + WZ)-Tn = AnTn, (2.3.10)
with the boundary conditions z,(+7"/2) = 0. We will see that it is useful to study

Cdet[-a2+ VO =N TLA =AW

T det[-02 + V@ — )] Lo A§2))7 (2.3.11)
_ W@
- le\Q)(T/Q). (2.3.12)

The equality shown in (2.3.12) is highly nontrivial and needs to be proved. First, notice that whenever
A is an eigenvalue, so that wf\l)(t) and ¢§2) (t) solve (2.3.10), it follows that w/(\l)(T/Q) and w/(\Q) (T/2)
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have a zero. Thus, (2.3.11) and (2.3.12) have the same poles and zeros in A, implying that the two can
differ at most by a constant factor. This is a consequence of a well known theorem in complex analysis
that says that a meromorphic is determined, up to an overall constant factor, by the positions of its
zeros and poles. We now argue that this constant factor is 1. We can rewrite (2.3.11) and (2.3.12) as

det[-07 + V) —\]  det[-02 + V@ — )]

o) @y
= g(\). (2.3.14)

(2.3.13)

The left hand side of (2.3.13) depends only on V) and not on V) while the right hand side depends
on V® and not on V(1. Obviously, both sides depend on A but are independent of V(1) and V2.
The above statements can be summarized by writing

det[—02 + VO — A = gV (T/2). (2.3.15)
To determine ¢§i) (t) e need to solve
(=02 + VO — ) =0, (2.3.16)

o (=T/2) =0,

such that ¢ ay{” - (2.3.17)

—T/2
The last condition above sets an arbitrary normalization. For the simple harmonic oscillator we have
v =2 (2.3.18)
Hence, we find from equation (2.3.15) that

N N
- (2.3.19)

VAR T o)

We will now choose the normalization constant IV to get a simple final expression. Choose the normal-
ization constant N such that

 det(—07 +w?)

ThN? = g(0) = (2.3.20)
2
o5(1/2)
It then follows that equation (2.3.9) can be written as
1
(@ 7[0)(Ofazsye T /M = (2.3.21)

Vrh§(T)2) '

(2.3.21) tells us that our problem of finding det (—9? + w?) is reduced to finding the analytic form of
w(()l)(t) and then the value ¢(()1)(T/2). wél)(t) satisfies the equation

(=07 +w?)ug’ (1) =0, (2.3.22)
(2.3.22) is a second order linear differential equation which has general solution

s () = aet + B, (2.3.23)
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where v and 3 are arbitrary constants. Using the boundary conditions in (2.3.17) we find the unique
solution

gy — L (w+T/2) _ —w(t+T/2)
o (1) = 5 (e e ) (2.3.24)
Thus

sinh(wT
wé”(T/2)=£ ), (2.3.25)

wT

(1) _
b (T/2) = 5~ (2.3.26)

This last equation implies

1 _ 27(“‘} —wT/2
———= \/;e . (2.3.27)
V hipg ' (T/2)

Equations (2.3.21) and (2.3.27) plus the identification of the argument of the exponential factors yield

wT BT hw
o T o T g

(2.3.28)
which is the correct ground state energy for a simple harmonic oscillator. We can recover further energy
eigenvalues FE,, of the harmonic oscillator by noting

1 1
= : (2.3.29)

\/ﬂ'hw(()l)(T/Q) \/%e‘”T(l _ ef2wT)

%0
= L1 — e 2T, (2.3.30)
mh

%
- %e*TT 14+ Y ape 27| (2.3.31)

o=

Above we did not specify the explicit expression of the factors a,. In fact they only need to be non-zero
since we read energies from the argument of the exponential. The coefficient of the exponential, a,, is
proportional to the value of the wavefunction at x = 0. Consequently, the formula (2.3.31) will receive
contributions from all energy eigenstates whose position space wave functions are non-zero at x = 0.
Hence, after identifying the arguments of the exponential factors as we did above, the relevant energy
eigenvalues which belong to wave functions that are non-zero at x = 0, are

1
Eyn = (2 + 5)hw. (2.3.32)

The first eight wavefunctions of the simple harmonic oscillator have the form
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Figure 2.5: Wavefunctions of the harmonic oscillator.

Figure 2.5 tells us that the wavefunctions Uy, U3, U5, Wy are odd and they vanish at x = 0. Furthermore
the remaining wavefunctions are even and do not vanish at x = 0. The answer (2.3.32) beautifully
reproduce the energy eigenvalues of the contributing energy eigenstates.

2.4 Example 2: Double well potential

)

II'E-%

—a a
Figure 2.6: V(z) = 2* — az? + 3 where o, 3 > 0.

In this example we are going to consider a potential which has the form given in Figure 2.6 and satisfies
V"(+a) = w?. Since this potential has two extrema at 21 = —a and 22 = a, we expect to have many
extrema of the Euclidean action. Consider z;(t), the paths which extremize the action, where j labels
distinct extrema. In this case we have

e—SEl%;]

Z\/det —0F+ V(&)

(@ [0)(0]z;)e BT/ = (2.4.1)

The four possible boundary conditions for ; and x ¢ are
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1) z; =aand zy = q,

N

r; = —aand vy = —aq,

)
)
3) i =a and x5 = —a and
4)

r;=—aand Ty =a .

In order to find the paths #;(t) that extremize the Euclidean action, we need to solve the equation of
motion
d’x
dt?
This differential equation is tough to solve analytically for general potentials V(x). Thus, we will develop
another way of finding the paths which yield the extrema of Sg. We can solve the problem if we focus
on the “conserved energy” of the particle. The conserved energy is given by

E- % <‘Z>2 V(). (2.4.3)

=V'(z). (2.4.2)

Indeed

B _dedc AV _de (e dv
dt  dt dt? dt  dt \dt® dz )’

which vanishes by the Euclidean equation of motion. The solutions we study have
E=0. (2.4.4)

To see this, note that we start from a configuration with

dx(t)
dt

= 07
t=t;

and the position of the particle is at x(¢;) = a (or —a) for which V(£a) = 0. Hence the total energy
vanishes at this initial time, and consequently the energy of the particle vanishes at any time.

V(@)

S

Figure 2.7: Particle located at the position z = a. The blue empty circles represent the “motions” of
the particles which reproduces tunnelling.
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Consider first the case of boundary conditions where 2; = a and xy = a. Most of the time the particle
is at rest and at the lowest potential V(a) = 0 at z = a. Hence the total energy vanishes. Consider
equation (2.4.4)
1 (dz\? dx
E = 3 (dt) —V()=0« e +./2V (). (2.4.5)

Thus, we can write

‘C%’:— 2V (2), (2.4.6)

Sdt— _;‘f()’ (2.4.7)
[Ty

I /0 N (2.4.8)

where we only focus on the negative root. In Figure 2.8 we sketch the solution given by (2.4.8). Figure
2.8 is most easily understood from equation (2.4.6). We start at t = —oco fromz =a+e. Atz =a
V(a) = 0 so that, according to (2.4.6) our function has an infinitesimally small and negative derivative
with respect to t. After an infinite time z(¢) decreases and passes through the origin z = 0 at ¢t = ¢;.
At this point ‘fi—f is minimum. It then start to increase and approaches 0 at ¢ — oo and * — —a.
By convention, this solution is called an anti-instanton. We describe the figure as an anti-instanton of
size d at the time t;. The name instanton is reserved for the opposite solution which interpolates from

T; = —atoxy=a.

....... bo(t)
| L
L\ 9 :
................................................ AN
—qj
Figure 2.8: Diagram of x(t) showing one anti-instanton for the case x; = a and x5 = —a.

The figure which corresponds to an instanton of size d at a time ¢5 is shown in Figure 2.9. The equation
describing the instanton is

dx

— =4/2 . 2.4.
= V() (24.9)
Note that we can rederive the equation of motion (2.4.2) by differentiating the equation of the instanton,
(2.4.9). Indeed, we have

o _ v = T8 = 4

dt iz dt ’
_dz V'(z)
Cdt 2V ()

= V().
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.......... ba(t)
............................................................. ) : :
] L
0 ! | o
| t%
—) A PP PPPS
Figure 2.9: Diagram of z(t) showing one instanton for the case z; = —a and =y = a.

As mentioned above, the physical interpretation of the instanton and the anti-instanton are clear. The
anti-instanton path reproduces the effect of a particle which is tunnelling through potential barrier from
x; = a to ry = —a. The instanton also corresponds to tunnelling through the potential barrier, but
now from z; = —a to 2y = a. The transition occurs in a small time d so that the particle spends most
of the time at rest at the minima of the potential.

The profile of the Euclidean Lagrangian Lg for the complete path comprising of an anti-instanton
followed by an instanton is shown in Figure 2.10. The total area in this figure gives the total Euclidean
action for the instanton and anti-instanton configuration.

ALE
SN

Y+

tl t2

Figure 2.10: Profile of Ly for anti-instanton followed by instanton configuration

Since the action of the instanton and the anti-istanton are equal, the Euclidean action for an instanton
plus an anti-instanton is double the Euclidean action for a single instanton (or single anti-instanton). If
we denote the action for a single instanton by S,, the total action in Figure 2.10 is

Sg = S =25,. (2.4.10)

In general we can have many instantons and anti-instantons for the boundary condition x; = z; = a.
The only condition is that the Euclidean motion should begin with an anti-instanton and end with an
instanton and it is alternating sequence of instantons and anti-instantons. The total action for n pairs

of instantons and anti-instantons is
S, = 2nS,. (2.4.11)

For the three other boundary conditions the construction of instanton and anti-instanton configurations
proceeds as for the case we have considered. The Euclidean action can start with either an instanton or
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an anti-instanton and can terminate with either an instanton or an anti-instanton. The precise details
in each case will be different because of the boundary conditions. Our analysis has assumed that our
Euclidean motion is made up from a sequence of well separated instanton and anti-instanton motions.
This is known as the dilute instanton gas approximation. The dilute instanton gas approximation can
be invoked if

d

— k1 2.4.12
o (2.4.12)

is satisfied. In this last formula d is the size of the instanton (or anti-instanton) and |t2 — ¢;] is the
difference between time of adjacent instantons and anti-instantons in the Euclidean motion.

2.5 n-instantons

To compute the contribution from n instanton/anti-instanton configurations we need to compute

N

(25.1)

\/det (=02 +V")|

n—instantons
It turns out that
N = Q%e—wT/QK". (2.5.2)
\/det (=0t + V") T
m—instantons

To determine the number K, we will compare (2.5.2) to our previous results. Notice that each instanton
introduces a well in V" (Z). We can think of K as the inverse square root of the product of the energies
of any boundstates of the well times the effect of the well on the continuum eigenvalues. In Figure 2.11
we only illustrate the boundstate eigenvalues. This interpretation for K was developed in detail in [12].

£

............................... N
__J

.............................. AT

Boundstate eigenvalues corresponding to a single anti-instanton

Figure 2.11: Configurations of intantons/anti-instantons and the corresponding profile of V”.

Now consider

E,T/h T/ /2 T/2 So/h 2w wT
0)(O|xz)e 7 /" = dt dta. .. dtpe” " —e 2 K", 253
(@110) Ofz)e S [ [ e e (253)
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This expression sums all possible instanton configurations. For example, the first instanton centered at
t1 can be anywhere between —7'/2 and T'/2. The next instanton centered at ¢ should placed between
t; and T'/2. Repeating this process will give us the integrals in (2.5.3). Note that if we permute the
integral bounded by ?; with those of ¢;, i # j final answer doesn’t change. Generally, under the 7!
possible permutations, the sum remains the same. We will now argue that

T/2 T/2 T/2 "
/ dt: / dts ... / dty = = (2.5.4)
T/2 t1 tn—1 n'

The proof of (2.5.4) can be constructed by thinking of the left hand side as a fraction of the volume of
an n—cube in n dimensions.

Proof. For n = 1,2 and 3 respectively we have

T Tl
/ dty = (2.5.5)

2 T2
/ dtl/ dtg—/ dt, [Ttl—t] _ (2.5.6)
. 2]
t2 T3
/ Cltl/ dtg/ dtg—/ dtq (—Ttl-l- 2> 3' (2.5.7)

In fact we can think of (2.5.5), (2.5.6) and (2.5.7) as respectively the length of the segment a), the
hatched surface of the square b) and the portion of the cube c) in the Figure 2.12. Note that for
simplicity we shifted the integration region from —7'/2 to T'/2 to integration from 0 to 7.

t
A’
T
(o ——— O S
O T (0
a) segment b) square

Figure 2.12: Figures of the first three n—cube volumes.

In general (2.5.4) is a portion of the n-cube with edge length T'. The portion of the n-cube is delimited
by (n + 1) vertices among the 2" vertices of the n—cube. These n + 1 vertices are diagonally linked
as we can see above in Figure a), b) and c) for n = 1,2 and 3. The total volume of the n—cube is
T™. There are n! such portions inside the n-cube, which follows by counting the possibilities of joining
(n+1) vertices diagonally. In fact, our previous argument counting the number of possible permutations
is related to the number of the portions of the volume that we consider. Finally a single portion of the

n—cube has exactly the volume v = %,7 O
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As a consequence we can now rewrite (2.5.3) as

e*SO/h)n
|

2 KT
(£]0)(0fz;)eBoT/h = | [ =2 o= T/2 > (KTe” )" (2.5.8)

mh n!

Having this expression, we can check the validity of the dilute instanton gas approximation by confirming
that n is small. Consider

Z Xi;n _ Z e log(X)—log(n!)’
n:

— § :enlog(X)fnlognJrn
n

The summand is maximized when

= %(nlog(X) —nlogn+n) =0,

which implies
& X =n.
If we substitute X by KTe 5/" this last equation implies the terms that dominate the sum have
n < 100X = 100K Te /",

which for i — 0 is small. Hence the dilute instanton gas approximation is valid because the sum is
dominated by small n. Recall that we always require i — 0 to guarantee validity of the steepest method
approximation for the path integral. In fact, all our expressions were derived in this limit.

For the boundary condition x; = zy = *a, n should be even because the motion always includes pairs
of instantons and anti-instantons. And for the case x; = —xy = £a, n should be odd because the
motion always includes either a single instanton or anti-instanton which is not paired. Furthermore, if
n is even or odd, the summation factor in (2.5.8) can be written respectively as

KT —So/h\n KTeSo/h —KTe So/h
Z (KTe ) = +e & noeven, (2.5.9)

— n! 2
KTeSo/hyn KTe So/h _ _KTe So/h
Z( < ) _e 26 & n odd. (2.5.10)
n.
n
Thus, we have
+ [ KTe So/h _KTe—So/l]
2
3 (Ealj) (] £ aye BT/ = [T/ | € te : (2.5.11)
= mh 2
+ [ KTe=So/h _ _KTe So/h]
2w e —e
+alj)(j —EiT/h = | et /2 . 2.5.12
j2_< alj) (| F abe =% ' (25.12)

Finally the energy of the ground state can be read from (2.5.11) and (2.5.12) as

Ez = % + Khe%/". (2.5.13)
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The associated wavefunctions obey
(al+) = (=al+) (a|-) = —(=a|-), (2.5.14)

suggesting that they have a definite parity. The second term in the equation (2.5.13) is related to a
single instanton because of the term S, in the argument of the exponential. Note that it does not admit
a power series expansion in fi. This is therefore a non-perturbative correction. We see that the ground
state degeneracy is lifted by instantons, that is, because of quantum tunnelling. This simple example
suggests that instantons will modify the vacuum structure of QFT. If we write

By =) aph? £ Khe /",
p=0

it is clear that the non-perturbative correction gives a negligible contribution to the value of the energy.
It does however give the total value of the splitting

AE=E,—E_.

Before continuing with the computation of K we need to explain a subtle point. Recall the equation of
motion for the instanton
o i (2.5.15)

— = V'(x). 5.
dt?
The equation of motion is invariant under time translation. Under time translation, the position of the
instanton is shifted but its shape doesn't change. The equation of motion remains the same at ¢t + ¢
and thus

d?x(t + €)

e V'z(t+¢€)]. (2.5.16)

—a

Figure 2.13: Profile of instanton under time translation.

After expanding (2.5.16) we recover the equation of motion at order O(1)

d2
Ff = V(). (2.5.17)

At order O(e), we have

d* (dx , dx
_ . 2.5.1
at? <dt> Vi) g (2:5.18)

= (-0} + V" <> =0. (2.5.19)

‘1-instanton) dt
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This last equation tells us that the eigenfunction 1 = N% has the eigenvalue “0”. The normalization
constant NV can be found by requiring that our eigenfunctions z,, are orthonormal. When n = 1, we
have

T/2 )
/ dt(z1(t))” = 1. (2.5.20)
—T/2
Hence, the normalization constant NV should satisfy N2S,=1,ie.
1 dx
t) = —. 25.21
Jfl( ) \/Siodt ( )
x1 is called a zero-mode because it corresponds to eigenvalue A = 0. Note that (2.4.5) and (2.5.21)
together yield
T/2 T/2 1 dz 2
1:/ dt (1 (t 2:/ dt— <> : 2.5.22
L)'= [ ae (G (25.22)

&z/j/idt( (Zj) —|—V(:1c)>. (2.5.23)

The last equation is nothing but the definition of S, which is the Euclidean action for a single instanton
(or anti-instanton). Using the equality of f% and V2V, we can also write

S, = / " e /2V (@), (2.5.24)

2.5.1 Remark. In the previous calculations we have used time translation symmetry and, as a conse-
quence of invariance of the system, we obtained the zero-mode x1(t). In general it is straightforward to
see that there should be a zero-mode associated to each symmetry.

Recall that for a general path, we had

x(t) = 2(t) + Cr1(t) + ZC xn(t); so that dz(t) = dCix:(t) +

n>2
If z(t) is a solution for 1-instanton it should satisfy (2.5.21), so that

dzx

t+dt dt
2t +dh) = a(t) +dty .

Comparing the previous two equations gives

el S,
dCy = /S,dt1, = To =\ et (2.5.25)

As a consequence we have

Ne—SlE/n S Ne—SE/n
— — = 1\/5 "h — —. (2.5.26)
Vdet(—07 + V"[i]) Th \/det'(—02 + V"[7])

The det(...) becomes det’(. ..) because we have to exclude the zero mode. Indeed, the integration over
the zero mode was already accounted for when we integrated over the center of the instanton. However,
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the measure for integration over the center of the instanton and integration over the zero mode are
related as in (2.5.25) so to keep the whole expression consistent we included the factor /3 S" in the
expression with det’(...).

Note that we only have time translation invariance (and hence the zero mode) in the limit T — oo.
If we study the system for finite T', we don't have time translation invariance for our system and A;
doesn’t vanish.

2.6 Computation of K

To avoid the zero-mode, we will work with a finite time 7. We will compute det(—9? + V" [z]). We
are not going to redo all of the details of this calculation. The computation we perform now is a minor
change of the computation of section 2.3, reflecting the fact that the potential of the system is no
longer that of the harmonic oscillator. Recall that

_ NTe S0/l S,

<a\e HT/h‘ - a>1—instanton = p 5 orh’ (261)

\/det (_at + V,/‘l—instanton>

NTe /"
= K; (2.6.2)
—/det( -0 + w?)

det(—0? + w?)
= K = 2.6.3
27T det 62 + V”’l insanton) ( )

The determinant is expressed in terms of the function

(=32 + V"o (t) = 0, (2.6.4)

which is exactly what we had in our discussion of the harmonic oscillator. In addition, we already have
a solution of this equation, in (2.5.19). Hence, we identify

1 dx
For one instanton we have
2 2 1 dx —wt s -
=07 + w)Yo(t) = 0= Yg(t) = —=— — Ae™ ", in the large ¢t limit. 2.6.6
K VS, dt
We can also check that if y; is a second solution we have
d dy1 dacl
— — —y1— | =0 2.6.7
dt < a  Vat ) ’ (267)
d d
& <:1:1é/tl —y1;1> = C (constant). (2.6.8)

Knowing the form of z1(¢) (2.6.8) will allow us to determine the form of y;(¢). (2.6.8) is known as the
Wronskian of the two solutions. Choose the constant C'

C = 2Aw, (2.6.9)



Section 2.6. Computation of K Page 23

so that y; () is
Y1 (t) = Ae"Jt.

Note that this expression for y(t) is only valid for large values of ¢ because the expression we used for
x1(t), assumes large ¢. Having the two solutions z1(¢) and y;(t), the general solution to (2.6.4) is

Yo(t) = bz (t) + baya(t), (2.6.10)

where {b;}i=1,2 are real constants. Use the boundary conditions to fix the values of b;. The boundary
conditions that v (t) satisfies are

Yo(=T/2) =0 and dio(t) =1. (2.6.11)
dt | _r
Substituting (2.6.10) into (2.6.11) leads to
_ 1 wT'/2 _ 1 —wT/2
b= 2Aw" b2 = 240" '
Our final solution is now )
= (wT)2 —wT/2 ) 2612
Yolt) = (T2 (t) + /2, (1) (26.12)
This last expression for 1y(t) yields
1
Yo(T/2) = —. (2.6.13)
Note that we have ) ) ) )
det(/—(‘)t ;Hu ) _ det(—@; + w?) (2.6.14)
Xodet' (=0F + V") det(—0; + V")
In the case of the simple harmonic oscillator we know that
1 T
Yho(t) = - sinh ((2 + t)w) ; (2.6.15)
T 1 7
— = —e“t. 2.6.1
= Vhol 2) TS0 2w° (2:6.16)

Thus by use of (2.6.13), (2.6.14) and (2.6.16) the expression for K in (2.6.3) becomes

S A
K = o wT/2 70 261
orh V72 (26.17)
To determine \g solve
(=07 + V")a(t) = Ma(1), (2.6.18)

using the Green's function G(¢,t’) [13]. As usual, we write

T/2

on(t) = o)+ 3 [ dG(E () (2.6.19)

—T/2

The Green's function obeys
(=07 + VG(t,t') = 6(t - t'); (2.6.20)
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where 0(t — t') is the Dirac delta distribution. In addition, 1y(t) obeys
(=7 + V"o (t) = 0.
The boundary conditions for our problem are

di)o(t)

Yo(=T/2) =0 and i

=1
t=—T/2

The second condition above again determines the otherwise arbitrary normalization of our solution. Now
if we define 6(t —t'), to be the Heaviside step function

0 ift'>1t
/ =
0(t_t):{1 it <t

the Green's function is given by
G(t,t") =N [0(t — )y ()1 (') + 0 — t)z1 (E)y (¢)] - (2.6.21)

Integrating the equation (2.6.20), using the Green's function (2.6.21), leads us to

t'+e t'+e
/ dt(=0} + V"G (t, 1) = / dté(t —t') = 1; (2.6.22)
t'—e t'—e

dG tl—‘rE
- - E - *N["Elyl - 56’12/1] == *QNWA = 1, (2623)

t'—e

1

SN = (2.6.24)

Note that we have used (2.6.9) to obtain (2.6.23). Now, returning to (2.6.21), and using the above
results, we find

1
G(t,t') = “9wA [0(t — )y (D)1 () + 60" — ) (H)ya ()] - (2.6.25)
Thus, for eigenvalue Ay we have
T/2
¢mw=%@+&//dﬂwﬂwmw. (2.6.26)
-T/2
Evaluating at 7/2 we find
1 T/2
U (T/2) =0=— + )\0/ dt'G(t, ) (t), (2.6.27)
w —T/2
W —— / 7 @) [ A (o) + Ty > 1)
w O\ 2wA 12 ! ! 2Aw ! ! ’
(2.6.28)
1 _ewT T/2
== — dt'z3 (¢ 2.6.2
S () [, et (26.29)
=L (-1, (2.6.30)
Cw 0¢ 4A202 )7 o

& N = 4wA?e T = Ny = 0, when T — oo, (2.6.31)



Section 2.7. A concrete computation Page 25

The passage to the third and fourth lines has used the orthogonality of x1 and y;. At this stage if we
plug this last expression into (2.6.17) we obtain the value

So
A (2.6.32)

This completes the computation of ground state energies using instantons.

K =

2.7 A concrete computation

In this section we will consider a specific potential and carry out the explicit calculation of the number
K. We have mentioned previously that the number K can be interpreted as the inverse square root of
the product of the energies of any boundstates of a well in V" times the zero mode measure and a factor
measuring the effect of the well on the continuum eigenvalues. Here we demonstrate this statement by
direct calculation. We study the following potential

1
V(z) = ga* — 2? —, 2.7.1
(@)= g —a?+ - (27.1)
where g is positive real parameter. Clearly this potential is an example of a double well potential. Note
that the potential V(x) can be written as

1\2
V(z)=g (1:2 - 29) . (2.7.2)
Consider the equation for the instanton obtained in (2.4.9),
dx
— = £+/2V (). 2.7.3
y @) (273)
Inserting the expression for V' in (2.7.2) into this equation yields
V2gx)% —1
dr _ | (V2g2)” —1 ' (2.7.4)
dt V29

Now integrate this equation to get a solution Z(t), which is an extremum of the Euclidean action. We
find

Lo V2de (2.7.5)

(V2ga)? —1

T \/@dx’ B t B B
i/o Vg 1~ /t2 dt = (t — ta). (2.7.6)
£l

The admissible boundary conditions are z; = Tag

— £l . -
Tf= g Furthermore, for our Euclidean motions
we always have

-1 1
NeT <z(t) < NeTh (2.7.7)
Hence,
V29T g
i/o @7 (t —t2), (2.7.8)
+atanh(\/29%) = (t — ta), (2.7.9)
o gramhlt—te) (2.7.10)

V29
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The profile of Z(t) matches what we sketched in Figure 2.9. Having the above expression for Z, we can
now compute V"[Z]. We find

V' (x) = 12g2* — 2, (2.7.11)

= V"(Z) = 6tanh?(t — to) — 2. (2.7.12)

We also need to evaluate S, since the expression for K in (2.6.32) depends on it. Recall that
1

S, = /“T dr\/2V (). (2.7.13)

—1

V29

Inserting the expression for V' (x) obtained in (2.7.2), we find

_1 1 2
So= [ V¥ day/2g (2 - :1:2> , (2.7.14)
g

= 2\/@/“% <1 - m2> : (2.7.15)

0
r [VV29 3 1YV
=2/29 | = - = , (2.7.16)
2910 3o
IR (2.7.17)
°= 3, 7.
A quick calculation shows
W =V"(£1/\/29) =4=2%=w=2. (2.7.18)
To find the value of A, we proceed as follows. From (2.6.6) we know that for large ¢ we have
1 dz
— = Ae™*". 2.7.19
VS, dt ( )
Substituting the values of Z(¢), w and S, we find
1 1 1 3 1
Ae™ = ___¥3_1 (2.7.20)
2 V/2g cosh”(t) 2 cosh*(t)
g
For large t, coshz(t) is approximatively e*. Hence, the value of A in this limit is
Ae™ = ‘fe?t; (2.7.21)
3
— A= ‘2[ (2.7.22)

Now, substitute the above values into the expression for K found in (2.6.32) to obtain

2
S, 3. /3
K =4/ O A=) 2L 2, 2.7.2
mhw 2mh 2 (2.7.23)

K= ,/ﬁ. (2.7.24)

Finally, the value of K is
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We want to show that K is equal to the product of the zero mode measure with the inverse square

27h
root of the product of the energies of any boundstates of a well in V" and a factor vV®—1 measuring
the effect of the well on the continuum eigenvalues of the following equation

2
(-th ; v~<5:>> ¥x = My (2.7.25)

with the boundary condition

UA(£T/2) = 0.

Concretely we want to prove that

K = \/F;l = \/H ){H/(I)*H/% (2.7.26)

where i runs over the boundstates and @ is the total contribution from the continuum eigenvalues of

(2.7.25). In this section we will not compute ® because a very detailed and complete calculation of

® can be found at [12, p. 220-222], thus we just give the result found in this source ® = L. For our

9
problem (2.7.25) is given by
d2
<_dt2 + 6tanh2(t — tg) — 2> Py = Ay. (2.7.27)
Our discussion makes use of [14, p. 72-73]. Choosing to = 0, (2.7.27) can be written as
d2
YA +2- 6 tanh?(t)) ¥ = 0. (2.7.28)
Use the new variable
& = tanh(t).
Using
d
d—i =1 —tanh?(t) = 1 — €2, (2.7.29)
’¢ _ d 2 2 2
ol ﬁ[l —tanh®(t)] = —2[1 — tanh”(¢)] tanh(t) = —2(1 — £*)¢, (2.7.30)
and the chain rule property of the differentiation, we have
>V dd¥ d [(dEdY
d26dv  [deN? 20
A\ d>v
=-21-)—+(1-)1°—. 2.7.
(2.7.28) now becomes
av d*v
—2(1— gQ)gd—g +(1 - 52)2752 +A—4+6(1 )T =0, (2.7.34)
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which can be written as

jg <(1 - 52)‘2’) + (2(2 +1) — 14__22> U = 0. (2.7.35)

It turns out that (2.7.35) is solved by associated Legendre polynomials of degree | = 2 and order
m = +/4 — X. In fact, the associated Legendre polynomials of degree [ and order m are defined by

% ((1 - mQ)dQC;;(x)) n (l(l +1)— 1m;> () = 0, (2.7.36)

where [ and m are integers and = € [—1, 1] C R. In addition, only pairs of integers [ and m satisfying
0 < m < yield a unique non trivial solution defined by

m lerm

O (z) = (—1)™(1 — x?)2 pwEenl Gl 1 (2.7.37)

Hence (2.7.35) has two normalizable solutions for [ = 2 if and only if

=0 =m=2<[=2,

(2.7.38)

m:\/4—)\€D\|U{0}<:>)\:{

Note that A = 4 also yields a Legendre polynomial, but its associated eigenfunction ®9(¢) is not
normalizable. Thus, (2.7.25) has exactly two eigenvalues

Ao =0, (2.7.39)
AL = 3. (2.7.40)

Another way of finding these values is to numerically solve the partial differential equation (2.7.25). In
the appendix Chapter A.1 we carry out this exercise and show that the only normalizable eigenfunctions
for (2.7.25) indeed correspond to the above eigenvalues. A, = 0 is the eigenvalue associated to the zero
mode and we should have expected its presence. Now, we have

2
S, 1 30 1
K= —Vqu:\/—g— 9 2.7.41
2h /3 27rh\/§\[7 ( )
1
=/ —. 2.7.42
wgh ( )

Hence, there is complete agreement between (2.7.24) and (2.7.42). This shows that K is indeed the
product of the zero mode measure with the inverse square root of the product of the energies of any
boundstates of a well in V" times the effect of the well on the continuum eigenvalues of

(=07 + V") (1) = Ao, (1) (2.7.43)

For a single instanton, i.e. a single dip of the potential V", the potential is plotted in the following
figure.
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V(&) = 6tanh(t — t2) — 2

Figure 2.14: Boundstate eigenvalues of the potential V.

2.8 Band energy and instantons

In this section our discussion follows [15]. Our starting point was the simple harmonic oscillator. In
this case the Euclidean action has only one extremum. Next we considered a double well potential.
Since this potential has two minima, we showed that the Euclidean action has an infinite number of
extrema. These extrema were a succession of instantons and anti-instantons chosen to be consistent
with the boundary conditions. We are now going to consider a potential that is a one dimensional
periodic function of position. In this case any collection of instantons and/or anti-instantons gives an
extremum of the Euclidean action. We consider the potential

Figure 2.15: Profile of V(z) together with a particle tunnelling through the barriers of potential from
minima to minima

As seen in Figure 2.15, the allowed tunnelling transitions has dramatically increased. For example the
number of instantons can considerably exceed the number of anti-instantons. To see what is going on
we draw an example of a configuration of instantons and anti-instantons in Figure 2.16.
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Az

Figure 2.16: Example of a configuration for particle tunnelling from x =2 to x = —2

For simplicity denote
7. numbers of anti-instantons

n  numbers of instantons.

We can easily see from Figure 2.16 that n and 7 satisfy
ng—n; =n-—n, (2.8.1)

where n; and ny are respectively the initial and final position of the particle. As usual, we want to

compute
(n£10)(0ln;)e T/,

In our semiclassical approximation we have
Tn—i—ﬁ

No—EoT/h _ __—(n+n)3e Qﬂ —wT/2 grn+n
(ns|0)(0lni)e =Y bn;nitn-ne " 1/7rhe K =T (2.8.2)

n>07n>0

Now, note that )
5nf_nz‘+n—ﬁ :/0 d@ei2ﬁ(nf_ni+n_ﬁ)0. (283)
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Thus (2.8.2) can be rewritten as two unconstrained sums

2w Tt
—E.T/h _ 2m(nf—ni+n— n)9 —(n—i—n) —wT/2 grn+n
(n]0)(0[n;)e g E / dfe* =™\ ( —¢ K ) ETR

n>0n>0
(2.8.4)
et w0 —So _jong n
S (e en®)" (KTe 5 emi2r?)
_ =Y ti2m(ng—n,)0
_/0 40 o ' Z n! n! ’
n>0,n>0
(2.8.5)
2w /2 WT L o o s
— / do ﬁe—TT—H?W(nf—ni)H exp (KTe—STLez%rG) exp (KTe—%e—z%r@) ,
0 7h
(2.8.6)
2m 20
/ do —e “g-Fi2m(ny—ni)6 exp (2KT€ w cos(27r0)> (2.8.7)
2w o
_/ do /27w6i27r(nffni)96[f%"+2hl(e_ST COS(QTFG)]% (288)
0 7Th
Clearly, (2.8.8) permits us to identify the energy
hw
B, =~ - 2K e %/ cos(26), (2.8.9)
and the wavefunction
(nf]0)(0fn;) = 4/ 24 pizm(ng—ni)0 (2.8.10)
wh

So the single infinitely degenerate ground state has been replaced by a continuous energy spectrum,
parametrized by 6. These results are familiar from solid-state physics. The degenerate ground state
energy has been replaced by a band of allowed energy levels. In solid state physics these bands and
(and the gaps between bands, called band gaps) are derived by examining the allowed quantum me-
chanical wavefunctions for an electron in a large, periodic lattice of atoms or molecules. Band theory
explains many physical properties of solids, including electrical resistivity and optical absorption. Here
we have obtained the lowest band of allowed energies by summing over instanton and anti-instanton
configurations.

2.9 Schrodinger equation description of the double well potential

In this section we want to recover the expression for the ground state energy found in (2.5.13)

E+ = g + hfer_So/h’.

(2.9.1)

Note that above we set w = 1 and use the expression for K found in (2.6.32). To recover this result
we are going to solve the Schrodinger equation using the WKB approximation. Our motivation is to
verify that the instanton calculation is in perfect agreement with standard quantum mechanics. The
time independent Schrodinger equation in one dimension is

—h2 d2

HU(z) = (Md%2 + V(m)) U(z) = BV(z). (2.9.2)
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When the potential V' (z) is constant, U(x) is a plane wave. It is straightforward to see that the plane
wave solution, in the case of a constant potential, has the form

U(w) = oei?, p = +1/2m(E — V).

Of course, p is constant because we assumed that V' is constant. Lets continue to use this formula,
even when we have a position dependent potential. We write

W(z) = et Jo BP0 where (p(y))? = 2m[E — V(y)), (2.9.3)

This is not a solution. However, if we set
U(z) = 6%f0xdyp(y)+2i21 ﬁi’lqﬁi(x)’ (2.9.4)

and plug it into the Schrodinger equation,

<_h2d2 + V(:E)) 6%foxdyp(y)-l—idn(:6)—%—@'11(192(iv)-l—o(ﬁQ) _ Ee%foxdyp(y)-*‘i(ﬁl($)+ih¢2($)+0(ﬁz) (2.9.5)

2m da?
we have
32 12 /i
Ly = <hp(ac) T idh () + O(h)> (), (2.9.6)
_F2 g2 —R2 /i 2 i 2
W) = oo () + 610+ O0) ) W) = o (p(o) +i0ia) + O ¥(e)
(2.9.7)
Hence we get
for O(R°) : p;fs) +V(z) = B, (2.9.8)
for O(h') : ;—j’fp'(x) + %p(m)gb'l (z) = 0. (2.9.9)

Clearly at first order in &, which is given in equation (2.9.8) we recover the definition of p(z) itself. At
the second order given in equation (2.9.9) we can obtain ¢;(x) by solving this an ordinary differential
equation. We find

(@) (2.9.10)

= ¢1(z) = % (ilog( p(m))) . (2.9.11)

Finally, by choosing the constant of integration to be zero, the WKB wavefunction is

e%fomdyp(y)
Ty = —————. (2.9.12)
p(z)

We need to know where the WKB wavefunction provides a valid description. Wyg is only valid away
from the turning points of the classical motion. Since we are considering particles of very small energy,
the turning points of the classical motion are near the bottom of each well. To solve our problem, we
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will use the WKB approximation far from the bottom of each well and the harmonic oscillator solution
near the bottom of each well. To obtain the complete wavefunction we will match these two descriptions
in the region in which they overlap. This is illustrated in Figure 2.17.

1

i i 4 i i r
[ o !
I

Figure 2.17: Figure illustrating our description.

Thus far from the wells, we transform p(z) — ik(x) so that our WKB wavefunction becomes

1

k(x)

Uyys () = T o W) ki) = \om(E V(). (2.9.13)

Far from the minima of the potential
E < V(x).

In this case,

k(z) = 2(V(z) — B), (2.9.14)

E E
= 2V ()1 - Vi = V@ (1 - QV($)> . (2.9.15)
— V() - =

(2.9.16)

@

Integrating the above expression yields

/Odyk /Ody\/T /Oxdy\/;jij

It turns out that we can relate the integral of k(z) to the Euclidean action S, of a single instanton. In
fact, the first term can be rewritten as

/OI dy~/2V (y) = /Oa dy~/2V (y) + /$ dy~/2V (y). (2.9.18)

Since V (z) is an even function, we have

/Oa dy~\/2V (y) = ;/_@ dy~/2V (y) = % (2.9.19)

(2.9.17)
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Close to the bottom of the well we can replace V(x) by @ Hence,
T T (CL _ .’L’)Q
dy\/2V(y) = | dyla—vy) = - (2.9.20)
Thus, we have g
T R 1
/ dy/2V (y) = - ~ gl x)? (2.9.21)
Recall that 2 = |/2V/(z). Thus
dy =FE | dy4-, (2.9.22)
0 2V (y) &
t
=F [ dt=Ft (2.9.23)
0

Note that in the last line we choose t = 0 when x = 0, for simplicity. We are always free to choose the
time ¢t = 0 in any convenient way. The energy F is a small perturbation of the ground state energy of

the oscillator 5
E=— .
5 +e€

Recall that for large ¢, T is close to a and we have

Ae™t = L V2V (x) = S

VS, VS,
Thus, we have
(A SO>
t = log .
a—=

Consequently,

Et = (Z + e> log <i§) .

Finally, combining the above results, we have a complete analytic expression for the integral

[ vt = 5 = a0 (54 ¢) o (Af) ,

in the region close to x = a.
The WKB wavefunction of definite parity is

L
V@)

Uy (z) = er o k@) 4 o=3 I3 dyk(y)}

which, after using (2.9.28) becomes

a—z)2 _ Y
Vy(r) = ! 6%7( o2 \/ﬁi@gﬁﬂr(%)ﬁ )
k(x) AVS, p—

(2.9.24)

(2.9.25)

(2.9.26)

(2.9.27)

(2.9.28)

(2.9.29)

(2.9.30)
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Further, if we make the approximation

E
VE(x) =2V (x) — NoZE) ~ 2V (), (2.9.31)

=+Vva-—uz, (2.9.32)

the final expression for the wavefunction is

a—zz —_— (L—.’L‘2 1/
\Il:t<q;) = 1 6%7( 2h) a-" :tef%Jr( 25) ﬂ . (2_9_33)
Va-z AVS, a—u

This wavefunction is clearly not normalizable. This is an artifact of our approximation and for very
large x we know this wavefunction will receive further corrections that ultimately do give a normalizable
wavefunction. Now consider the regions near the bottom of the potential. These regions are treated as
a simple harmonic oscillator. Thus, the ground state wavefunction is

_ (afav)2

di(x)=e B (2.9.34)

Since the Schrodinger equation is a second order differential equation we know there is a second solution
¢1. To obtain ¢1 we will again use the Wronskian equation

dpx) do(x)
_ = 2.9,
(a—x)?
where C is a constant. In fact, choosing ¢1(z) = <—>—, and assuming
1 1
—_— - 2.9.
e < (2.9.36)
we find C = % The proof is by direct calculation.
Proof.
dipi(x) do(x) e(a;’?Q (@a—x) (ax? _(a—n)? e<a5§)2 e<a5§)2
7 — h 2h —
¢1(z) dx vrl) dx a—x oh © e h (a—x)2 |’
_2_
h (a—2)?
Clearly the last line gives C' = 2, after use of the assumption in (2.9.36). O

Our wavefunction should be a small perturbation of the harmonic oscillator wavefunction. The time
independent Schrodinger equation is

<_2h23,i+ (a—2x)2> i <Z+€> . (2.9.37)

Introduce W, (x) which satisfies

Rd> (a—x)*2 h
<_2dl‘ + T — 2) \I’o =0. (2938)
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In terms of the Green's function G(x, '), we have
U(z) = U,(x) e/dx’G(x ') (z") (2.9.39)
The Green's function G(x,2’) obeys
R d>  (a—x)®> h , ,
(_2dx2+2_2> G(z,z") =6(z —2'). (2.9.40)
To see that (2.9.39) is a solution, note that
hd> (a—x)% B2 h
< 5 1p2 + 5 5 > (x) (H 2> (x) = e¥(x), (2.9.41)
h
= <H - 2) (ﬁlo(x) + e/dw'G(w,x')@(w’)) = e¥(x), (2.9.42)
h / /
:><H2> G(z,x") = d(z —2). (2.9.43)
It is not difficult to see that
Gla,2") = NIb(@ — 2')or (e)n (') + 0(a' — 2)1 (2o (). (2.9.44)

This is indeed how we proceeded when we were working out the analytic expression for K in section

2.6. Integration of (2.9.43) yields

W2dG [T d d
e N6 S 90 <y =1,
= ’75

xT

1

(2.9.45)

Hence, we have N = ;. Therefore in the region close to a such that 2/ < z, we have the following

expression for W,
(a—2)?

O / d' 1 ()63 ('),

Using the integral

a—x 2
/dxlwf(a:’) :/dx e = Vrh,

we obtain the final expression for ¥ at the bottom of the potential

(a—x)2 *(a;;f)Q

a—= e T
U(x) =e" + € —
() a—x h

Matching the two wavefunctions (2.9.33) and (2.9.48), we can identify

_S/ﬁ\/ —e\/7:> e=¢e % hSA

™

(2.9.46)

(2.9.47)

(2.9.48)

(2.9.49)

This is our final result for the value of the small perturbation of energy. This reproduces the level

splitting computation using instantons perfectly.
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2.10 Bounces

Bounces are another type of solution that extremize the Euclidean action. We could say that bounces
are cousins of instantons. One example where bounces play a role is for the potential plotted in Figure
2.18 below

(z)

& Y

Figure 2.18: A particle tunnels from x = 0 through the potential barrier.

The state in which the particle sits at the bottom of the potential is unstable due to tunneling. Using
the bounce we will be able to give a semiclassical description of this instability.

V(z)

-4

Figure 2.19: The Euclidean action has potential —V'(x). One possible Euclidean motion corresponds to
a particle “bouncing” as shown.

From the Figure 2.21 we see that there is a motion in which the particle starts from x = 0, it rolls in
the positive x direction, up the hill and then reverses direction to again come to rest at x = 0. This
gives the bounce solution. The bounce is plotted in Figure 2.20 below.

84 z(t)

Figure 2.20: Spacetime diagram of the bounce.
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The Euclidean action for a single bounce is

Sy = /dt (; <Z>2+V> —/\/W. (2.10.1)

Using the techniques we developed in previous sections, we have

(0fe~ /M0y = 37 — =5 (2.10.2)
. det(—07 + V)
In a dilute bounce gas approximation we have
2w IAS
0 —HT/h 0) = —nSo/h, | “* —wT/ZKni
(e HT7M0) = 3D el e s
_ %e—wT/zeKTe—So/’i
V 7h ’
Hence the expression for the energy is
hw
E== - hE e /", (2.10.3)

There are a few comments that we can make about this formula. First, note that the bounce has
corrected the energy F of the state. The correction is exponentially small in A, which is much smaller
than perturbative corrections would be. Why should we keep this correction when we have dropped
perturbative corrections? Next, consider the value of K. Recall that K is given by

K= |T[X=y/det(-02 + V7). (2.10.4)

We know that we have a zero mode eigenstate x; % due to time translation invariance. Given the
profile of Z(¢) in Figure 2.20, the profile of the zero mode eigenstate is given in the following figure.

d7(t)

dt

Figure 2.21: Profile of the zero mode associated to the time translation invariance. The node in the
Euclidean wavefunction at ¢t = 0 is shown.
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This eigenfunction has a single node. Thus, there will be another eigenmode whose eigenfunction has no
nodes. This eigenmode will have an even lower value of A. Thus for the lowest mode we have A\g < 0.
Since )\ is the only negative eigenvalue [[; A; is negative. As a consequence K is pure imaginary. In
total the small term which perturbs the energy in (2.10.3) is a pure imaginary. This observation is good
news! Indeed, it explains why we keep the minute correction due to the bounce: this small correction
is the leading contribution to the imaginary part of the energy of the state. Moreover, since we are
getting a complex energy we know that we are not studying an energy eigenstate of the Hamiltonian.
Indeed we know that our state is unstable so it is not an eigenstate of the full Hamiltonian. Finally, the
imaginary contribution to the energy sets the lifetime of our particle. Indeed, note that

o iBt/h _ —iwt)/2—|KeSo/h|t

e

This wavefunction tell us that at large ¢ the probability of finding the particle goes to zero, which is
what we expect for an unstable state.

This concludes our discussion of instantons in quantum mechanics and provides the background for our
study of instantons in Yang-Mills theories. Before we take this next step, we will review the quantization
of Yang-Mills theories, in the next chapter.



3. Quantization of Gauge Theories

3.1 Why do we need “gauge symmetry”?

The success of Quantum Mechanics (QM) and Special Relativity (SR) are not only based on the beauty
of the theories but also on their perfect agreement with experiment. At the time of writing, we know
that theories of physics are necessarily quantum mechanical at very small length scales. Similarly, when
the speed of particles become comparable to the speed of light, we need to use SR. Hence, both QM and
SR have their own different domains of applicability in nature. These two domains can overlap, in which
case our description must be both quantum mechanical and special relativistic. Examples of phenomena
which need both QM and SR are the scattering experiments carried out at particle accelerators. As
we will see, in constructing descriptions for particles with spin, there is a tension between QM and SR.
Ultimately this tension is resolved by gauge symmetry.

3.2 The trouble with Canonical Quantization

In this section we will demonstrate the tension present between QM and SR by quantizing a free vector
field. As a starting point, consider the following Lagrangian density of a free scalar

L= % . PO* ) — %m2¢2. (3.2.1)

The scalar field can be thought of as a real valued function, ¢(%,t) attached to each point of the
4-dimensional Minkowski spacetime. The mode expansion for ¢ can be written as

- dgk 1 —ik-x * _ik-x
¢(I7t) = / W2wg (CLEG + (Ilge ) y (322)

k-x= (\/ﬂ)t—ﬁf:wgt—l_ﬂ'-ﬁ

Note that up to this point our treatment is classical. In canonical quantization one needs to compute
the canonical momentum

where

@z, ¢ = 2£ = 20 (3.2.3)
¢ ot
Pk 1 ,k "
= [ oog—(—iwp) (age™™™" —aZe™™ 2.4
/ (2m)3 2%( wr) (ake age ) (3.2.4)
and impose the commutation relation
(677, 1), TI(Z, 1)) = i6(Z — 7). (3.2.5)

Of course II and ¢ become operators in the quantization process. Hence, a;i, ay; become respectively
a'(k), a(k) and obey the commutation relation

laz, al] = (2m)*2w0(k — §). (3.2.6)

40
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Hence Tthe energy of a single mode is proportional to \aE\Q or more precisely, to the number operator
N x agag.

In the case of a free vector field, by analogy to the scalar field, we should have

3 L .
A0 = [ B+ R (327)

where each component A, of the vector field is treated as a single scalar field. After the process of
quantization we expect

4, (F), al (7)) = (27)*20(F — $)5,. (3.28)
Consider now a quantum state such as

3 —
vy = / (d ’;,f“( Jal, (F)]0).

According to quantum mechanics, the norm of the state |U) represents a probability. Thus, we should
have

3 3 1./ . . .
19 = (0] / d "’df FRGRY £ (R (R)al (8)0), (32.9)
3 3/ o .
- / d(kd)f FRGEY £ (B 0] a (R), al ()] 0), (32.10)
a3k xR -
:/(%) 208, 1 (B) £ (F) > 0. (3.2.11)

Clearly the positivity of norms of states required by QM is obeyed by the relation (3.2.11). However,
SR is spoiled, because 4, is not a Lorentz invariant. It is clear that, replacing 6, with —7,, gives an
equation that is consistent with SR. However doing so leads to a conflict with QM. In fact, since 7,,,

has signature (4, —, —, —), the norm of |¥) is no longer a probability because
d3k s
G2 R (B 2 0 (32.12)
is no longer guaranteed. Indeed, we have
d3k
—/ o ——=2wenool fO(R)|? < 0. (3.2.13)

Resolution.

We have exhibited the tension between QM and SR in the case of a free vector field. We now want to
argue that gauge invariance resolves this tension. Recall that the Lagrangian density associated to the
free vector field is

L= —fF yF" where F,, = 0,A, — 0,A,. (3.2.14)

The field strength F},, is invariant under the following transformation:
Ay — AL = A, +0ux. (3.2.15)

This transformation is known as an Abelian gauge transformation (it is an example of local symmetry)
of the field A,,. The two fields A,u and A, describe the same physical state. Thus the number of degrees
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of freedom is decreased. As a consequence the states with negative norm are removed, and the tension
between QM and SR is resolved. In general in QFT, “gauge symmetry” is always introduced to remove
negative norm states.

Return to the action

S = /d4x£ = /d4:c (—1F,,F™). (3.2.16)
The conjugate momentum are

oL OF,
m = 2> — 1lpap 9708 3.2.17
aAu 2 5(3014;) ( )

9(0aAp — 03A0)

— _1pap@%lp — U5a 2.18
= — 3 FP(63,05 — 536%) (3.2.19)
= —1F0% 4 1Ko, (3.2.20)
I = Fro, (3.2.21)

Clearly, from the definition of F'*¥, we have I = o.

3.3 Quantization of a constrained system

In the quantization of the free vector field, we require the following commutations relations

[M(t, @), A°(¢, §)] = i6(Z — §); (3.3.1)
[II(t, &), A (t, )] = —i6"6(Z — 7). (3.3.2)

Note that (3.3.1) is not consistent with TI° = 0. One way out of this contradiction is to change our
method of quantization. Systems like the free vector field are known as “constrained systems”. The
constraint is the relation II° = 0. In the next paragraphs we will see how quantization is carried out for
a constrained system. Dirac was the first to propose a method of quantizing constrained systems, [16].

We will work in the Heisenberg picture. For a constrained system, which has Hamiltonian H, the
equations of motion are

dO
i~ =10,H], (3.3.3)
xi =0. (3.3.4)

(3.3.3) is just the usual Heisenberg equation for an operator O and (3.3.4) are the constraints for our
system. Now, the rules according to Dirac are the following:

Step 1 Determine the conditions implied by the time evolution of the constraints, i.e.

dx;
= |xi, H]. 3.3.5
= H] (3.35)

0=1
(3.3.5) will lead to one of the following cases:

i) The set of equations (3.3.5) is nonsense. Hence the problem is not sensible.
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ii) The set of equations (3.3.5) is consistent and obeyed when x; = 0.

iii) The set of equations (3.3.5) are consistent but even when (3.3.5) is obeyed they imply some new

constraints qﬁj\j:l 5 = 0. The new constraints are known as secondary constraints.

Step 2 Repeat step 1 but replacing (3.3.5) by the following equations

{E; Z]] z 8 (3.3.6)

Step 3 Keep repeating the step 1 until we have a complete set of constraints
or ={Xi, 05} - (3.3.7)

e Step A. Divide the constraints into 2 classes, 1%t class and ond class. |If ©y is a second class
constraint, then [g;, %va:o #£ 0. If a constraint is not 2" class, it is 15t class. Denoting second
class constraints 7; and first class constraints 7; we have

[Ti, ©r)pp—0 = 0 < no obstacle to setting 7; = 0,

[nianj]wkzo # 0 — can't set i = 0.
e Step B. Set
7 =0,
and change the method of quantization by changing the commutation relations to
[A, B] = [A, Blp = [A, Bl = >_[A, i Mi;[n;, B], with (M™")s5 = [, m;)-
2%
Under the new commutation relation, (3.3.3) is not changed

.dO
“at

V=0

= [Ov H]D‘V¢l:0 = [07 H] - Z[O777i]Mij [77]'7 H] = [Oa H] (3-3-8)

-
J Vioy =0

The third equality above follows because we know that [n;, Hl,, _, = 0. Also, we have

[ ] = [ ) = > [y ma] Mgy, mil,
i?j
= M, m) — Okj[nj, mil,
= [Me; m) — [k, m] = 0.
At this stage Dirac's algorithm of quantizing a constrained system can be considered as a set of arbitrary

but self consistent rules. However, if we use this algorithm in quantizing the free vector field described
previously, we will see that all these steps are sensible and reproduce what we observe in experiment.

Now let us return to the problem of the quantization of the vector field A*, armed with Dirac's algorithm.
Recall that the first step is to ensure the constraints y; = 0 are preserved in time. This implies

[xi, H] = 0.
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Our first constraint is
x1=1°=0. (3.3.9)

Next, we can choose
x2 =AY =0. (3.3.10)

That is because IT° does not appear in H so that [A°, H] = 0 implying A° is a constant. We will choose
A, so that
x3=V-A=0. (3.3.11)

(3.3.11) can be satisfied by making use of the gauge transformation (3.2.15), and (3.3.10). This is
achieved if we choose x so that

V-A=V.-A-V -Vy=0. (3.3.12)

We must ensure that dyx = 0 so that we don't disturb Ay = 0. Indeed, under the above gauge

transformation
0 = Ao + dox. (3.3.13)

Note that, since there is no matter, Maxwell's equations imply

V. E=-V.VA'—V-A=0. (3.3.14)
In our Ay = 0 gauge we have
- -~ 0A 0~ -
E=—_V-——=__V-A=0. 3.1
\Y \Y 5 3tv 0 (3.3.15)

From (3.3.12) we see that x will indeed be independent of time. Our choice Ay = 0 and V-A=0is
known as Coulomb gauge. Thus we have three constraints (3.3.9), (3.3.10) and (3.3.11). We need to
compute the commutator of these constraints with the Hamiltonian H. Consider the Hamiltonian H,

H= /d3x (H"Au - z) : (3.3.16)
_ / B [FO(0hA, — 0,40) + L W 1 FH9, 4] (3.3.17)
= / Pz (AF°F° + LFTFY 4+ F°9;A%), (3.3.18)
- /d% (301 + §FYFYT 111 V4°), (3.3.19)
- / Pr (Y- B+ 4B B+1i-va). (3.3.20)



Section 3.3. Quantization of a constrained system Page 45

and F7 = ¢7* Bk Now compute the time evolution of the x;, which is determined by the commutator
of x; with H.

D (@, 1), H] = (1), H], (3.3.21)
110z, 1), H] = [Ho(f, 0, / Byii(F.1) - ,4°,1)] (3.3.22)
= / PPyTi(7,t) - Vy [10(7,1), A7, 1)] (3.3.23)
— / Byli(g.1) - ,0(7 — ) (3.3.24)
=iV, - T(7,t) =0 V-E =0. (3.3.25)

Above the passage from the third equation to the fourth equation used (3.3.1). Hence V-O=0isa
secondary constraint.

Next we have
[x2, H] = [A°(Z, 1), H], (3.3.26)
= 0. (3.3.27)
A% commutes with H because I1° does not appear in H, (3.3.20).

Finally we have

[x3, H] = [V - A(Z,t), H], (3.3.28)
_ / Py} [0, 1), (0(5.1))°] + / @y [0, A (E, 1), 10 (7,00, A°(5.1)] . (3.3.29)
= / d3y§ITH (i7,4)0,:0 (% — ) — / d*y6"0,:0,; A° (7, 1)8(Z — ), (3.3.30)
=V-T+V.-vA’=o. (3.3.31)

The passage from the second equation to the third equation used (3.3.2). The last equation is obeyed
because of the primary constraints and the secondary constraint. In summary, the complete set of
constraints is

—

x1 =11 =0,
XQZAOZO,
X3=6'

A=0,
X4 = V-O=0.
We now need to classify the constraints into two classes. Recall that ¢; is a second class constraint if
[0i; Xj]pi—0 # 0. Hence all our constraints x|,_, ,,, are 2" class. In fact we have
X1(Z,1), x2(¥,1)] = —16(Z — 7)), (3.3.32)
[x3(Z,t), xa(¥, 1)) = =iV - Vo (Z = ). (3.3.33)

By following our algorithm carefully, we are now ready to compute the matrix M defined by

(M~Yij = [xi x4
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We have
0 [xixe] O 0
0 0 0
-t = | el : 3.3.34
0 0 0 bl (3:3.34)
0 0 [X4, X3] 0
0 —i6(Z—7) 0 0
B 0(Z—7) 0 0 0
N 0 0 0 —iV 3V 58 (E—1) (33.35)
0 0 iVzVyd(Z—7) 0
M is determined by
[ S M P M7 ) = 83 - 7). (3.3.36)
J
It is straightforward to see that
0 —i0(Z — 7)) 0 0
| i(Z - ) 0 0 0 ]
M = 0 0 0 if@ | (3.3.37)
0 0 —if(Z, 1) 0
where the function f is defined as
Bk 6212(5:’7@7)
29 = [ —x—=—=. 3.3.38
1@ = [ G (3.3.38)

To verify this expression for M, focus on a single matrix element of equation (3.3.36), since the rest
are very similar.

Proof.

= 6fgﬁi‘lf(xlv'TQ)a

o o N . 5 d3k eiE~(fl—f2)
= szvflf(xhx?) = V:zQ @ / (271')3 Pn
= (2] — T2)

We can now set A% = IIY = 0. Finally, we will compute the new commutators

—

i), A4.0)] , = [fi@ 0. 4@.0)] - [ [ derdza Y00, el O1Muer, 205,00, T, 1)
k,l

D
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Due to the relations (3.3.32) and (3.3.33), it is not difficult to see that the non-zero component of the
second term in Dirac’s commutator has k = 3 and [ = 4. Hence

[I1'(2, 1), A7 (7,1)] |, = —i676(% — 7) — // d’21d’ [ (Z, 1), x3(21,1)] Maa[xa (22, 1), A7 (7, 1)),

(3.3.39)
= —id95(z —7) — / d*21d%2(0)0,50(% — 21)(0) f (71, 2)(1)0.46(7 — 22),
(3.3.40)
= —i6" (% — §) +140,:0,: f(Z,7), (3.3.41)
Pk i 5 k%ﬂ
= i | L k(@) (4 3.42
[ o (- ) (3:3.42)
Introduce k L
.. .. 11.J
- (- 58,
Construct two vectors 771 # 0 and 7is # 0 such that
k-fiy=k-flg=1i -7l =0 (3.3.43)
It is easy to see that
SU k= (5” k) K =kK—-k=0; (3.3.44)
P 1 1.7 . .
i — (5” Kk >ng . (3.3.45)
k-k 1=1,2

These two equations tell us about the polarization of the free vector field. We have exactly two
polarizations, both perpendicular to the momentum of the particle. This is indeed what we expect.
Recall the commutation relation we obtained above
7). A PR i g
[ (Z,t), A (g, t)]p = —i We Og - (3.3.46)

This equation can be used to determine the commutation relation between the electric field and the
magnetic field. Concretely, we have

[Ez(fa t)aB](gv t)]D = [El(fv t)a ejklval(gat)]Da (3347)
. Bk o (o KK
. ikl ik-(Z— il
= —ie?" 0 / (271-)36 @-9) ((5 7 E) , (3.3.48)
" Bl g (KKK
s gki = 2\ e ik(Z-y) (MM MME 4
i€’ 0 k0 (T — 1) /(277)36 ( T T ), (3.3.49)
= —ie/™9 1 0(Z — ). (3.3.50)

The passage to the last equation has used the antisymmetric property of €/** and the symmetric property
of the product k7k*k!. Finally we have shown that E? and B* do not commute with each other. By
analogy to the Heisenberg uncertainty relation, we have

—

Lok
[AE[|AB;| 2 5] (3.3.51)
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This inequality is very important because it is the only explanation of why atoms in excited states decay.
It implies that there are always small fluctuations in the electric and magnetic fields and these small
fluctuations perturb excited states into making transition to the ground state. The fluctuations are
often interpreted as virtual particles popping in and out of the quantum vacuum.

3.4 Second example of Dirac quantization

Y

A

Figure 3.1: Electron immersed in an uniform magnetic field perpendicular to the (z,y)—plane.

In this section, as illustrated above, we will study the quantization of an electron moving in the
(z,y)—plane and immersed in a uniform magnetic field perpendicular to the plane. Our goal is to
obtain a deeper understanding of Dirac’s constrained quantization. Clearly if the electron is not coupled
to the vector field B the Hamiltonian of the system is just the Hamiltonian of a free particle

The new Hamiltonian after coupling the electron and the magnetic vector potential Ais given by

1 . .
H= %(ﬁ— eA) - (p—eA). (3.4.1)
Note that this Hamiltonian is determined so that it is consistent with Newton's equation % = eflj—f xB.
For a uniform field
B=Be, =V x A,
we take
. =Y
A= By . (3.4.2)
0
Substituting the expression for A in (3.4.1) with its expression in (3.4.2) yields
1 eBy 2 eBz\?
H=_— — - — 4.
2m[<5‘+2>+(py 2) (343)
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This Hamiltonian looks like the Hamiltonian of a simple harmonic oscillator. Thus, by analogy with the
harmonic oscillator, (3.4.3) can be rewritten in terms of the following operators.

B ) B
a=(pet L) +i(p,— ), (3.4.4)
2 2
B B
o = (po+ 29 i py_e Ty (3.4.5)
2 2
These particular choices imply
f T
H= %. (3.4.6)

Direct calculation shows that

[ 2) -2 o)) e

=2mH — i%([ﬁ%,x} + [y, y]), (3.4.8)
— 2mH + eBh; (3.4.9)
ata = pr + e?) i <py - eljxﬂ pr + ef'y) +i (py - erxﬂ , (3.4.10)
= mH 41 ([pw 2]+ [pye 9], (3.4.11)
— 2mH — eBh. (3.4.12)

Above, we have used the usual commutation relations [z,p,] = [y,py] = ih. Thus, (3.4.6) can be
obtained after summing (3.4.12) and (3.4.9). The advantage of computing the above expressions
separately is that we can read the commutation relation between a and a' directly from (3.4.12) and
(3.4.9). We find

[a,a] = 2eBh. (3.4.13)

Thus, the spectrum of the system turns out to be the spectrum of the 1-dimensional harmonic oscillator.

Indeed, defining the number operator N = %ﬁ}h and using the commutation relation (3.4.13), we can
rewrite the Hamiltonian as

1 1
= — trafa) = i
H m (aa a a) hwe(N + 2), (3.4.14)

where w, = 8. Hence for any quantum state |n) for which N|n) = n|n), we have
1
H|n) = hw.(n + 5)]n> (3.4.15)
Clearly the energy spectrum of the system is

1
E, = hwe(n + 5). (3.4.16)
Our system is a two dimension system. However (3.4.16) seems to match the spectrum of a one
dimensional system. Indeed, (3.4.16) is the energy spectrum for the 1-D harmonic oscillator. There is
no real puzzle though because it turns out that each level in our system has an infinite degeneracy. For



Section 3.4. Second example of Dirac quantization Page 50

a given quantum number “n", the energy E,, = hiw.(n+ %) is associated to the wavefunction 1, ;, with
I a degeneracy label. In particular, the wavefunction of the ground state is given by

eB 41 1 . _eB( 24,2
bou = (2}1) \/;(f”ﬂy)le an () (3-4.17)

The gap between two successive energy levels E,, is given by hAw, = ﬁ%. FE,, are known as the Landau
energy levels.

We now imagine that B is very big. We will only study the ground states. For large B the amount of
energy require to go from the ground state to an excited state is so large that any small perturbations
leave us in the ground state. Concretely our system is in a state |¢), satisfying the following equation

alg) = 0. (3.4.18)
Hence, we can take as our first constraint
x1=a=0. (3.4.19)
By daggering, the second constraint is easily obtained from this
2 =al =0. (3.4.20)

We will now carry out Dirac's algorithm of quantization. Hence, we want to compute [x;, H|. We have

aal +a'a
[leH] - [CL, Am ]) (3421)
= ﬁ (a[a, a'l + [a, ala’ + a'[a,a] + [a,aT]a> , (3.4.22)
= hwea. (3.4.23)
Similarly
[x2, H] = [af, H] = —hw.a. (3.4.24)

Equations (3.4.23) and (3.4.24) tell us that the only constraints are

x1=a=0,
X2 = CLJr = 0.
It is straightforward to see that these constraints are 2" class. Indeed, because of the relation (3.4.13),

we have
[X1, X2] = 2eBh # 0. (3.4.25)

The elements of the matrix Migl = [xi, x;] can also be derived from (3.4.13). Thus, we have

Y= ( [m?xﬂ [X1(,)X2] ) _ ( —22Bh 295% ) , (3.4.26)

The inverse of this matrix is not difficult to find. Indeed, we easily find

=1
M= < O zemn ) . (3.4.27)
2eBh 0
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Now we have all the ingredients that we need to compute the Dirac commutator. It will be convenient
to consider the following operators

Using the definition of the Dirac commutator, the commutation relation between these new operators
is given by

[2,2]p = [2,2] — Z[ZaXi]Mz'j[Xj,E], (3.4.28)
=0~ [(z +iy), ] (gop5) [a!, (& — iy)] = [(& +iy), a'] (z555) [0, (= — Zy)], (3.4.29)

= ~gat [2 5 i, 0+ 25+ (v~ 252)] [t +23) — i (1,

— o |2+ iy (po + 254 — i (py — 259)| [0+ 250 +i

)0

Br) o — zy] (3.4.30)

= (el ) (] + o). (3.431)
2h
T T eB’ (3.4.32)

We will reproduce this result in a second way that will clarify how Dirac’s method is working. Towards
this goal, study how z and Z act on the ground state 1) ;. Recall that

oy = <2h> A i (z+ zy) eB( 2+y2). (3.4.33)

In terms of z and Z, we have
eB 1 /1 -
wOJ = <2h> ZTZ e 4h Zz (3434)

Hence, we read from this equation that the operator z acts on vy to give

2h(1+ 1)

21y = oz

o141 (3.4.35)

Equation (3.4.35) tells us that the operator z acting on v increases [ by one. This suggests that the
operator Z decreases [ by one.

Define

0 1/0 0
= ;= 4.
0z 2 (83: Z@y) ’ (34.36)
it follows that
0z 0z
=1, Z=o.
0z " 0z 0

As a consequence, we have

0 eBz eBl
<Z + > You =\ 55, Yoi-1- (3.4.37)
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Clearly the operator (% + eﬁg) is acting on 1) ; to lower [ by one. Next, consider the following integral

/dw/dywo k200, = (—? k' /dx/dyzk“ ‘e (3.4.38)
I
/ d0ei k- 1)92/00d g Uetlsd) 1, nT2’ (3.4.39)
k'l'w Jo 2 Jo
k4l 1 2 ) (4+k+3) | piies
_ (eBy 2 t1 i(l—k=1)0( /2n D(#=5)

“eB ZW\/W/Q dbe . (3.4.41)

Above we used the change of variable z = = + iy = r¢" and the definition of the Euler T' function.
Equation (3.4.41) tells us that the only value for k& which gives a non-zero result is k = [+ 1. Hence in
the case where k =1+ 1, (3.4.41) becomes

/ 2 l'27T 2hl

We can read from this last equation that

2hl
oy =\ Sg¥ou-1- (3.4.43)

eBz
an 93

Hence comparing equations (3.4.37) and (3.4.43) we can relate z and - ‘9 S+

\/; @ ( ef;) : (3.4.44)

0z
+eBz
eB 0z 4an )

z= (3.4.45)

Regarding equation (3.4.45), z and z—g (% + efhg) have the same matrix elements between lowest
Landau level states, but the second operator additionally also leaves the lowest Landau level invariant,
whereas the first doesn’t. From this equation we have the commutation relation
2h

2,2 = ———. 3.4.46

2,7 = —— (3.4.46)
This is precisely the answer we found from Dirac’'s constrained quantization method. This is the
understanding we were after.

In terms of z and y we have

2h
' —iyl=—-——; 4.47
o+ iy — iy] = — = (3.4.47)
h
= —. 4.4
[7,0] = - (3.4.48)
The Heisenberg uncertainty relation that can be derived from this commutator implies that
h
AzAy > —. (3.4.49)

2eB
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The physics behind this relation is illustrated in the following figure and explained below.

A Y

S

Figure 3.2: An electron in a background magnetic field occupies finite area.

Applying Newton's second law to an electron gives

va

= evB. (3.4.50)
,

The left hand side of (3.4.50) is the mass times the radial acceleration, while the right hand side is the
Lorentz force. It is straightforward to see that (3.4.50) can be rewritten such that

2mmur 2e Brr? )

_ _ .2
. = - ;S =mnr (3.4.51)
=
mur 2eBS
== . 3.4.52
. - ( )

Above S is the area of the disc delimited by the trajectory of the electron and [ is the total angular
momentum quantum number of the electron. At the quantum level, the lowest possible value for a
spinning electron is [ = 1. Thus, we have

h
= —. 4.
S 5eB (3.4.53)
Finally (3.4.49) can be rewritten as
AzAy > S = mr. (3.4.54)

We can not measure = and y precisely because our circulating electron effectively takes up an area S.

In this section we have illustrated constrained quantization on a very simple system. This discussion has
explained how constrained quantization works and has given some insight into what the Dirac brackets
achieve. This sets the foundations for the system of interest to us, the free vector field, which is studied
in the next section.

3.5 Coulomb gauge quantization

In this section we return to the free vector field in Coulomb gauge. The aim of this section is to perform
in detail the calculation of the photon propagator in the Coulomb gauge. Indeed we will show that the
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photon propagator in the Coulomb gauge is given by the following expression

d4k efik-(x’fx)

2
iDyy (2, x) = (0T (Au(z)) Ay (x)) |0) = / @t i D &k, &k, N). (3.5.1)
A=1

Recall that the Coulomb gauge is obtained by imposing the following conditions on the vector potential
AH,

AY = 0;
V-A=0.
In this gauge, Maxwell’s equations are reduced to
9,0t A = 0. (3.5.2)

We showed in (3.3.45) that the solutions A have only two polarization vectors lying in the plane
perpendicular to the momentum k of the field. A general initial condition for (3.5.2) is given by

- - Bk 1 -
A7) = A(#,t =0) = / Zg kM) [ R 4 at(k, A)e R (3.5.3)

It is not difficult to show that the time dependence of the vector field can be derived from the relation

A(Z,t) = e A(z)e ! (3.5.4)
ield
to yie ) P - ) | ) |
A(Zt) = A(z) = / 2r)i 2w > &k, ) [alk, e ™ + ol (k, A)e™ ). (3.5.5)
A=1

Above, A is not a parameter but an index running from 1 to 2, indicating the two polarizations.
k is the four-momentum vector in the Minkowski spacetime. For a photon, we have the relation
k2 = 0= w =k = |k|. A simple calculation shows that indeed

V-A=0=Fk-£&(k,\) =0.

Note that the choice for the two polarization vectors found in (3.3.43) can be written as

— - —

(B, A\) - (R, N) = Gy (3.5.6)
Since a and a respectively play the role of a and a', they satisfy the commutation relations

[a(k,\), al (K, \)] = (27)32wé (k — K )xw; (3.5.7)
[a(k, \), a(k, X)] = [af(k,N),of (K, X)] = 0. (3.5.8)

These can be derived from (3.3.46). Now we want to express the Hamiltonian H in terms of the
operators o and af. In the Coulomb gauge, the Hamiltonian is

H = /d3 ( (9°A")? ;(aiAJ'—aJAiV). (3.5.9)
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Substituting A’ with its expression in (3.5.5), we have

H= Z/ dgk Lot (& Na(F,A). (3.5.10)

We are now going to compute the photon propagator in Coulomb gauge. Towards this end, consider

d3k: 1 T dp 1 -
A ke ke kA/V*)\ ipw ot )
(0] Au(#') 4, (2)]0) = 0%/ BN alE ) [ s lm e al GA)0)
(3.5.11)
Pkd3p 1 - . -
=3 [ Gt e E N A Ofa(F el G 0]0). (35.12)
IR ww’
Above we used the relation (0|A, (')A, (z)|0)  (0]aal|0). Indeed this follows from
a(p; A)|0) =0,
(0laf (K, X) = 0.

Next, note that (3.5.12) can be rewritten using the commutator [ (k, X'), af (7, \)], again because of
the above two equations. Thus,

dgkd3 1 g - —ik-x' Lip-x e —
O A0 = 3 [ G TG E NN 0] [alF. N0 (7.0)] )
AN
(3.5.13)

Using (3.5.7) we find

2

3k 1 —ik-(z' —x
O A @10 = 3 [ g ulE N (e (35.19)
A=1
A very similar calculation shows that
43k 1 z k(' —x
(0] 4y () A, (27)]0) = Z/ Sy R V)8 (R ). (3.5.15)

We define the time-ordered product of Heisenberg operators as
T (Au(z) Ay (2)) = (2" — %) A, (2") Ay (2) + 0(z° — 2°) A, () A, (). (3.5.16)

The vacuum expectation value of T" (A4, (z')A, (z)) with the help of (3.5.14) and (3.5.15), is

2
(OIT (Au(z") Ay () [0) = Z / Tk &u(k, N& (k, \) (0(950/—960)6’““'(1/’””)4-

2m) 32w

0(z° — mo’)eik'(z/’“”)) (3.5.17)

kO=w

Consider now the integral

/’ d4k e—ik'(x’_l‘) _/ d3k. /CUCO e—’ik~(x/—:6) (35 18)
(277)4 k2 L4e (27r)3 It (ko—w-i-ii)(ko—i-w—ii)' 5.
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The right hand side of this equation used the identity (k)% —w? +ie = (k* —w +i55) (kY + w — i),
accurate up to terms of O(e?). The integral over k” can be performed using the residue theorem. By
noting that

KO = k2 +ik? we have

im?

= fiko(xol —2%) = fikzg(:vol — 2% + k?m(acol —20).
From this last equation we see that, if the exponential in the integrand of (3.5.18) is to vanish, we need
>0 =29 < a0
{k:?m<0 =20 > 20
Thus, if 20" — 20 > 0 the integral over k¥ in (3.5.18) is performed along the following closed path.

. €

Figure 3.3: Picking up the pole under the real line

Thus, we have

/ d4k e—ik'(x’_z) _/ d3k f*dk,o e—ik'(xl—w) (35 19)
(271-)4 k2 +4e (27-[-)4 g:27.[. (kjo_w_i_ii)(k,o_i_w_ii), .
B3k o—iw(a® —a0)+ik- (& -&
= —1 : 5.2
/ (2rr)? ) e — (3.5.20)

Similarly, if 2% — 29 < 0 we must close in the upper half of the complex plane.

A

Figure 3.4: Picking up the pole above the real line
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Now, we have

d4k efik-(z/f:p) B dkO e*ik-(.’b/f‘r)
- o ) 3.5.21
/(27‘1’)4 k% + ie /(2%)4f2 2m (kO_W‘FZ.i)(kO-FW—ii) ( )
Bh e )i -7)
= / (%)3(1) S , (3.5.22)

oy () o . (3.5.23)

/ B3k . eiw(xo,—xo)—iE~(f’—f)

Combining (3.5.20) and (3.5.23), we have

4 —ik-(a' —x 3 ; , ~
/(d ke : _ 0(9:0/ _mo)/ d’k (—Z)e—m(zo —zo)+ik~(f’—f)+

2m)* k2 + e (27)3 2w
APk (=) (a0 — a0 il (7
o__ .0 iw(z? —2%)—ik- (T —Z)
O(z" — )/(2ﬁ)3 5 ¢ (3.5.24)

Finally, the photon propagator is easily derived from this equation and thus

] , d4k e—ik~(w’—a:) 2 . .
iD, (2, x) = o e > uk, N (k). (3.5.25)
A=1

3.6 Lorentz Gauge Quantization: Gupta-Bleuler Formalism

Dirac’s constrained quantization is not manifestly Lorentz invariant. The Gupta-Bleuler formalism
attempts to make Lorentz covariance manifest. As a starting point, consider a Lorentz invariant gauge
fixing condition

0, A" = 0. (3.6.1)
Under a gauge transformation
At = AP 4 OFy, (3.6.2)
we find that we remain in Lorentz gauge
A" = 9,A" =0+ 9,0"x =0 (3.6.3)
if
0,0"x = 0.

Thus the Lorentz gauge is only a partial gauge fixing. Recall that in the quantum mechanical theory of
the vector field, the commutation relation between A#(Z,t) and I1”(¥,t) is

[AM(Z, 1), I (§,1)] = —in"8(F — §). (3.6.4)

Now, if we replace the original Lagrangian density £ = —iF‘“’FW by

1 1
L=— F"Fyy = L= F"Fyu - %(@LA")2 (3.6.5)
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in the Lorentz gauge the physics of the system does not change. It is straightforward to see that the
equations of motion become

OMF,, + 0"0,A, = 0"9,A, — (1 —a)d,0"A, =0. (3.6.6)
We still have to impose the gauge condition, (3.6.1). Consider
0, Al =0, (3.6.7)

which imposes the gauge condition as an operator equation. If we act with the operator % on the
commutation relation (3.6.4) the resulting equation contradicts (3.6.7). In an attempt to avoid this
tension, we try to impose the gauge fixing as the weaker state vector equation

0, AP [Yhohys) = 0. (3.6.8)

Acting with the operator 8% on the commutation relation (3.6.4) and taking the expectation value
in state |¢pnys), We again find an inconsistency. Finally, imposing the gauge through the even weaker
condition

<wphys‘auAu|wphys> =0, (369)
there is no obvious contradiction with (3.6.4). For a specific value o = 1, which is known as the
Feynman gauge, the simplified version of the Lagrangian density is

L= —%8,,A#8”A’“‘. (3.6.10)

Now the conjugate momentum II, are easily obtained

oL

M= ———— = -9"A", 3.6.11
900 A,) (G641

The equations of motion (3.6.6), in the Feynman gauge are
0"0,A, = 0. (3.6.12)

The Hamiltonian density of the vector field is computed by analogy with the calculations that we did
to get (3.3.20). We find

H=T11"00A, — L,

1 1

= _—_(IIn)2 = =

5 (o0)” — 5

Note that this Hamiltonian density is indeed the Hamiltonian density of a collection of harmonic oscil-
lators except that we have four oscillators and one of them has the wrong sign.

5 1o o 1o . = .
(VAg)? + =II-Ti+ ~VA" - VA"
2 2

We now need to enforce (3.6.9). Recall that the commutation relation and the equations of motion are
respectively:
[A#(fv t)a Hy(gj’ t)] = _inﬂyd(f - :’j)v
0"0,A, = 0.

Hence, the solution A, (x) can be written in terms of Fourier modes as

3

3 - - . - - .
A(x) = / (%321%21 (R N)uF. e 4 o (F Vs (. ) (3.6.13)

= At(o,m,0) + A, (af, 2, ). (3.6.14)
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We have introduced A/jf because they will simplify our calculations.

From the commutation relations that A, and II, satisfy, we can argue that the following equations
must be satisfied

&k, N) - € (R, ) = ™ €k, & (F, V), (36.15)
= MT\\5 (3.6.16)
a(k, \), o (B, X) | = —2w(27)20(k — )y (3.6.17)

It is not difficult to see that the vectors 5(12, \) can be chosen to be the canonical basis vectors of R%.
Thus we have

1 0 0 0
- 0 - 1 - 0 - 0
ERA=0)=1 [ €A== |, &kArA=2)=| [ |, &kA=3)=]
0 0 0 1

Now, if we use the relation (3.6.14) in the constraint (1phys|9, A" [1phys) = 0, we have
(phys|0" Aplthphys) = thysqu: + 0" A, [Yphys), (3.6.18)
= <¢phys‘auA:|¢phys> + <wphys|a“‘4;|wphys> = 0. (3619)
Clearly this equation can be separated into two conditions for physical states. It is enough to require
8'u142_|'lpphys> =0,
<'¢phys‘a'u‘4; =0

These equations are the conditions that determine the physical state |¢phys). Now consider a photon
propagating in the positive z direction. The four vector momentum of such propagation is given by

(3.6.20)

w
0
k=1, (3.6.21)
w
Hence the first of (3.6.20) with the previous choices of f(E, A) and k yields
[ Pk 1 - ., ik
- z/ 2n) 2w (wa(k:,()) — wa(k,?))) e [Yphys) = 0, (3.6.22)
= (CY(E,O) - O‘(Ev 3)) ‘wphys> = 0. (3623)
Daggering this last equation, we immediately have
(Wonys! (al(F,0) = ol (%,3)) = 0. (3.6.24)

Introduce the number operators Nu (the — sign on the right hand side of (3.6.26) is to ensure that No
has positive eigenvalues)

. Bk 1o
. Bkl
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If we combine the equations (3.6.22)
(Wphys| [l (k,0) + o (K,
(Vpnysllal (k 0) af(k

and (3.6.23) in the correct way, it is straightforward to see that

Thus, in the basis of Hilbert space spanned by the eigenvectors of the number operators N, this
equation implies

5 - - o
0= [ el (E.0)a(F.0) — /... (36.27)
= —(no + 1:3) (Vphys|Wphys)- (3.6.28)

(3.6.28) requires the following. First, if (¢)pnys|tphys) 7 O the number operator eigenvalues ng and n3
must be zero. Thus, these physical states only contain polarizations which are transverse to the direction
of propagation of photons. The last possibility is that ng 4 n3 # 0, in which case |1)phys) must be a null

vector state, i.e. (Yphys|tphys) = 0.

The presence of the null state as a physical state is a signature that the theory enjoys a gauge symmetry.
The final expression for the Hamiltonian in terms of the number operator is

3
1= [ G | ol E0a(E.0)+ 3 ol(E i) | (3629)
j=1
Thus,
B 1< .
(Vphys|H [¥phys) :/ 52 wphy5|0‘ k’ s 3)ak, 3)[Yphys)- (3.6.30)

Clearly only transverse polarized photons contribute.

3.7 Path Integral Quantization and the Faddeev-Popov formula

In the first chapter we introduced the path integral method and used instantons to develop a semi-
classical approximation that can be applied in quantum field theory. In this section we develop the path
integral further, by explaining how to quantize theories with a local (gauge) symmetry. We will again
see an advantage of path integral quantization: it is much easier to formulate than Dirac’s constrained
quantization or Gupta-Bleuler quantization. Consider the quantization of the free vector field:

ANAES /DAHeiS, where S = — /d4x (LF™E,, —J"A,). (3.7.1)

Z|J,] is known as the generating functional of A,(x) correlation functions. The integral is over all
possible field configurations A, () since we are now dealing with a field theory.

The physical interpretation of Z[7,] is that it is the transition amplitude between a starting field
configuration and a final configuration. Note that (3.7.1) is a formal statement. There is no guarantee
that the integral is convergent. We know that the physical states are gauge invariant i.e. that A, and
Al, with

Al = A+ 0ux, (3.7.2)
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both describe the same physical state. Therefore the direct calculation of the integral in (3.7.1) sums
infinitely many gauge transformations of each physical configuration. That will surely lead us to a
divergent factor in the value of the path integral. In general, direct computation of the path integral
always lead us to either an inconsistency or a divergence, if the theory enjoys a gauge symmetry.

To avoid this problem there are two equivalent ways to proceed:

1. We only integrate over physical states. In this approach we will use a gauge fixing condition to
select one physical state from the set of all gauge equivalent ones.

2. We integrate over all possible field configurations but divide by the volume of the gauge group.

We will develop the ideas we need with a simple zero dimensional toy model.

Example: Consider a theory with two fields  and y such that only the difference between = and y is
physically meaningful.
Py =x—y. (3.7.3)

Suppose that the action is given by S = (Pgﬁy)2 = (x —y)2. This theory is invariant under the gauge
transformation

r— x+a,
y—y+a

A sample of the field configuration is given in the following figure.

AN

(

>

N\

Figure 3.5: Field configuration and a gauge fixing condition. Each line of slope 1 is a physical state.
Different points on a line are related by a gauge transformation. The dark curve is the line f(z,y) = 0.

Now, the path integral is written

Z= / dudye” V), (3.7.4)
[RQ
Change variables from z,y to u, v with
u=(x—vy),
T+y

2
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the Jacobian J is defined by

ou v

drdy = Jdudv = ‘ 9z Bz ‘ dudv = dudwv,
9y By

where the last equality follows by explicit calculation. Thus, the path integral (3.7.4) becomes
Z=[ dudve ™, (3.7.5)
R2
—F / dv. (3.7.6)
R

Clearly, (3.7.6) tells us that Z is divergent. Indeed, it is not difficult to see that the divergent factor
in (3.7.6) is the volume of the gauge group, which is the group of translations. Integrating over v
is equivalent to integrating over all possible gauge equivalent copies of our physical states. Thus the
divergent factor in (3.7.6) is expected. If we don't integrate over the extra copies we get Z = /7 which
we take as the correct value for (3.7.4).

We will now describe an elegant way of removing the volume of the gauge group. To this end, consider
a gauge fixing condition f(z,y) = 0. The function f must have the following properties.

1. The line f = 0 must intersect every physical state once and only once.

2. Another condition is that the line f = 0 is not tangent to the line representing a physical state,
since this selects the state more than once.

We illustrate in the figures below, examples of forbidden gauge fixing conditions f(x,y) = 0.

7

N

Vv, WV

\
N

7

Figure 3.6: Forbidden gauge fixing conditions.

Now, for a gauge fixing condition f, insert the relation [ dfd(f) =1 in the integral defined in (3.7.4).
We have

_ _g
z- /[R dudy / s (e, (3.7.7)

:/ dwdy/da ﬁ
R2 da

‘ 5(fes. (3.7.8)
f=0
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It is straightforward to see that §(f) is independent of a. Also %‘f . is independent of a. Indeed,

the graph of f = 0 is unchanged by a gauge transformation since it defines what we mean by a = 0.
Therefore (3.7.8) can be rewritten as

df

Z = dxdy p)
a

|R2

o) =5 [ da .
e / (3.7.9)

The last factor in the above integral is the volume of our gauge group. We can normalize Z by dividing
it by the volume of the gauge group. Thus we have

df

a

Z = dxdy
R2

5(f)e . (3.7.10)

As a concrete example, for a gauge fixing condition use

fry=kx, k#1
=f—=f+al—k).

We have
df
—=1-k.
da
Inserting this value into the above integral yields
Z = / dw/ dy(1 —k)o(y — kx)ef(xfy)Q, (3.7.11)
R R
= / dz(1 — k)e” 7R = /7. (3.7.12)
R

We have shown that Z is indeed the correct value for the integral (3.7.4) after the volume of the gauge
group has been removed.

Similarly, it is straightforward to see that after removing the volume of the gauge group defined in
(3.7.2) the generating functional in (3.7.1) becomes

5 _ ot | O [Au(@)] is
ZFP_/DAMdt[ (o) ]F:0H5(F(AM))6 : (3.7.13)

(3.7.13) is known as the Faddeev-Popov ansatz. F(A,) = 0 is the gauge fixing condition, and the
functional derivative is defined as follows

§F[X(x)] _ FlX(x)+ed(z —y)] - FIX(z)]

0X(y) =0 € '

(3.7.14)

Now, armed with this formula, the study of quantum electrodynamics in the Coulomb gauge can be
carried out using the path integral formalism. Recall that the conditions for the Coulomb gauge are
= Ao(fa t)

Fy, =V - A(Z,1)

1

0,
0.
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Hence we have

SFy 6 (Ao(Z,t) + dox(z))

ox(y) () = 000" (2 — ), (3.7.15)
5Fy 5(6-11(:3,75”6.6)((@) e
ox(y) () =V (z —y) (3.7.16)

We can now rewrite (3.7.13) using these equations. We find
Zep = / DAYDA [det (6°) | |det (V)| [T 8(F(4,))e™. (3.7.17)

The Faddeev-Popov determinants det <85ﬁ> and det (%) are independent of A, so that they can be
X X

absorbed into the measure of the path integral. The delta functions §(F}) and 6(F») set the temporal
and longitudinal polarizations to zero. Thus, we only quantize the transverse photon polarization so
that we have recovered our previous result from Dirac’s constrained quantization.

3.8 Why do we need a “covariant derivative”?

The principle of general covariance requires that the laws of physics must not depend on our choice of
coordinates. Note that this principle is very similar to the gauge principle. We write our equations using
tensors to satisfy the principle of general covariance. The quantity 9,V?, where V* is a vector, is not
a tensor. Indeed, under the coordinate transformation = — Z*, we have

95
o _ Y yo
e =ve.
o - Ot & (0%
v i p
= o T o1 0w (axﬂv > :
_ 0z 01”0 0 ozt 92z 0

03V OxP Ozt 07V OzrOzP

This last equation tells us that the quantity d,V” doesn’t transform like a tensor under a change of
coordinate. It is the last term above that spoils the transformation. The derivative of a general tensor of
higher order is also not a tensor. Hence, we must change how we differentiate tensors in order to obtain
a new tensor. This concept of differentiation is called covariant differentiation. This new concept is
required to satisfy the principle of general covariance. The ideas developed in this section will be crucial
to develop non-Abelian gauge theory, as we will explain below.

3.8.1 Lie derivative. In general relativity one possible covariant derivative is given by the Lie derivative
of a vector field. The Lie derivative of a vector field A® along a curve with tangent vector u” is defined
by

L,AY = uPdgAY — APdgu®. (3.8.1)

The Lie derivative of a vector (tensor) field is an extension of the derivative of a vector (tensor) field
defined in flat space (or spacetime) to a curved space (or spacetime). Indeed, the flat space formula
needs to be revised because on a general curved manifold, vectors (tensors) defined at different points
do not belong to the same vector space.
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’ / e
- /-————P\
| g .
I . N
N . N
2 \ ”

Figure 3.7: The fluid shown is flowing on the surface of the sphere.

This figure is an illustration of the flow of fluid directed perpendicularly from a certain point P on a
sphere. The dashed line represents the streamlines followed by particles of the fluid. The plane (P)
is the tangent plane at the point P, where the flow starts. The vector V can be thought of as the
velocity of a particle of the fluid. Consider the situation shown in Figure 3.7. If we follow the motion
of a particle of the fluid along its streamline, we can precisely calculate the rate change of the velocity
vector V/, along this streamline. The Lie derivative defined in (3.8.1) gives exactly this rate change of
V.In general if @ is a tangent vector along a line defined on a manifold, the Lie derivative of 1% along
that line is given by

LV =0V —Viou. (3.8.2)

We now develop the mathematical construction of the Lie derivative. Consider a vector field denoted
by A%(x) and a set of curves parameterized by 7, o, as illustrated in Figure 3.8. Note that this time
we work in a 4-dimensional curved spacetime manifold in order to obtain a Lorentzian form of the Lie
derivative. The mathematical definition of the Lie derivative of a vector field A* along the curve of

tangent u® = aaif , at a point Pis

£uAa — lim Aa(Q) — A%(P)

d750 dr (383)

A¢ (P) is the vector image of A%(P) transported by a differential map defined along the curve Cy, of
constant o to the point @ as illustrated in Figure 3.8. The curves C,, are members of a family of curves
that are given. Their tangents vectors are u®. S;, is defined so that its tangent at P is A*(P). the
curve S;, passes through one point on each curve C,,. Call this point 74 = 0. Start from 7 = 0 on
each curve and flow to 7 = d7 using the tangent vectors u“. Join 7 on each curve to get S;,. The
tangent vector to S, at 7o = dr (this is the point Q) is A} (P). This is how we use the family of curves
to move A" from P to Q).
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Figure 3.8: lllustration of the Lie derivative. The curve S;, links points on the curves C,, with 7 = 0.
The curve S;, links points on the curves C,, with 7 = dr. S;, is constructed by declaring that A*(P)
is tangent to S;,. Sr, is constructed by using the tangents u® to flow to dr from 0.

Points along each curve are labeled by 7. Each curve is labeled by a value of 0. Any point in spacetime
that we consider is at a specific point on a specific curve, i.e. we can write z#(o,7). We have two
tangent vectors

o _ 0% o« _ 02°
u_ﬁTU _GUT
At P
A9(P) = no(P) = 22|
oo |p
At Q
ox®
AY(P) =n®(Q) = 22| .
§P)=n"(Q) = 5|

Note that A% (P) is located at ). Now,

AMQ) = A*(P) + u’8,A"| p dr,
AR (P) = AM(P) + AYOuf|pdr.

To obtain (3.8.5) note that

DAM(P) ,  QAM(P)dx”  DAM(P)

ozv "~ 9w or  or
_ OnM(P) Ozt
-~ O0r 010o|p’
0%t 0
= door P - %UPJ(P)’
_ oz¥ow'| , Out
- Oo OV |p oz | p

Hence, subtracting (3.8.4) from (3.8.5) and using (3.8.3) yields

L AP = w8, AP — AV D ul, (3.8.6)
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3.8.2 Covariant Derivative from a Connection. A second way to obtain a covariant derivative, is by
using a connection I'Y),. The covariant derivative of a vector V* on a curved spacetime is defined by

YV VP =0, VP +T0, V7, (3.8.7)

where I‘Z/\ is known as the Christoffel symbol. It is symmetric under the swap of the two subscripts p
and A. The Christoffel symbol is not a tensor, but its presence in the covariant derivative is required
so that the quantity V,V?” is a tensor. It is now extremely simple to show that the Lie derivative is
covariant

AN VP = VI, AP = AR (8,V° + T V) = VI (9,47 +T0, 4Y) (3.8.8)
= AP, VP — VIO, AP, (3.8.9)

Given a metric g"” on a curved spacetime, if the covariant derivative V,g"" is equal to zero we say
that the connection is metric compatible. This condition ensures, for example, that the inner product
of two non null vectors is invariant after parallel transporting them. The Christoffel symbol is metric
compatible. The Christoffel symbol can be related to the metric tensor as follows

1
FZV = 5900(8“9011 + 81/9#0 - aag,uu)- (3810)

3.8.3 Interpretation of I'/,. Consider the two dimensional Euclidean space R?. The metric of this
space, using the polar coordinates, is given by

ds? = dr* 4 r*db?. (3.8.11)

The matrices representing the tensor metric gup, a,b € {r,0} and its inverse g% are respectively

(10 w_ (1 0
Gab = 0 7,2 9 g = 0 7,—2 .
ab ab

Using the formula (3.8.10), the relevant components of the Christoffel symbol are those where the

partial derivative with respect to r is not zero. Hence, we have
ro_ 0 _ 10 _
Fge = -, FGT’ = FT’G = y (3812)
r,=1" =0, ry =1 = (3.8.13)

From the equation (3.8.11) we can define two vectors such that

Figure 3.9: The change in the vectors ¢j and ¢, under a small displacement df.
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The small displacement vectors (5; in the above figure directly determines the coefficient I'j, calculated
in (3.8.12). Indeed, from the figure we read

¢y’ — € = 6, = —rdOF = —rdlé, = dOTp,é;,
€p

T

These equations tell us that the Christoffel symbols relate the vector spaces defined at different points
on the manifold. Indeed, for the above example, the map is explicitly defined by the vectors translation
5: and 6_(;. If we now compare the definition of the covariant derivative and the above equations it is
not difficult to see that

—

o o - - 0 o
Voéy = Iygé, = —ré; V,ép =T €9 = —ép,

€h.

S|I=3 |

V.6 =T" 6. =0 Ve, =19 ey =

3.9 Covariant derivative in non-Abelian gauge theory

Consider a collection of massive complex scalar fields ¢*(z)|,_; .. 5 described by a Lagrangian density
given by

L=0,0""0 " — m2p™* ¢, (3.9.1)
= "0 ¢ — m*¢' g,
Clearly this theory is invariant under the global U(NN) group, the unitary group of N x N matrices.

Indeed, for a transformation U € U(N) we have UTU = 1 and the transformation of the field is defined
by

¢—Ud

Thus, the Lagrangian becomes
L= 0u(SUNI(U) — m*¢TUTUG,
= 0u010"6 — m*3'e,
=L =L
Above we used the fact that the transformation U is a global transformation so 0,, does not act on U.

We now derive the conserved Noether current associated to this global symmetry. Consider an element
U = @71 of the group, where o/ (z) and TV are respectively the real transformation parameters and
the generators of the group. The set {77} is known as the basis of the vector space of the Lie algebra
u(N). Note that we allow the parameter o/ to depend on the spacetime coordinate x even though we
study a global transformation. This is necessary for us to obtain the current density associated to the
global symmetry. The dimension of the Lie algebra is N2. Indeed, expanding the condition UTU = 1
up to the first order in the parameter o/ (z) yields

(1 —iad 79 (1 +icd (2)T9) = 1 — iad T3 +iadT9 =1,
N
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This last equation implies that all the 77 are Hermitian. There are precisely N(N — 1) real degrees of
freedom in the strict upper-half plus the N real degrees of freedom on the diagonal giving a total of N?
different generators TV of the group. Hence the dimension of the Lie algebra is N2.

An infinitesimal gauge transformation of the field is now written as
¢ — (L +iaT7 + O(lal?)¢ ¢' = ¢ (L —iadT7 + O(|af?)),
Oy — 10,07 TG + (1 + i T,h + O(|af?) 9’ — 8,6 — 10,01 T — it 8, I T + O (o).
Under these transformation the change in the Lagrangian density, up to the first order in o/, is given by
ﬁéﬂzm$M—mﬁﬂ&w%+mﬁﬂ—mﬂ$u4MWﬂMOHMW% (3.9.3)
:@£W%—m%%+@ﬂ%W$W5—QWW@. (3.9.4)
The last term Jﬁ = 8u$TTk$— $TTk8M5 is the current density associated to the global symmetry
U(N). Indeed, this must be true since the total action of the theory must remain the same to first order

when perturbed around a solution to the equation of motion. In fact, for a global symmetry we must
have (this follows because the change 0.5 must be first order in o and must vanish for constant «)

0S8 = /d4xJ58“ozk =05 = —/d4x8“<]llfak.
Around any solution to the equation of motion we have

Mk =0

55:/@%&@%&:0:
K Yok # 0.

Now we want to build a theory that is invariant under a local U(N) (gauge) symmetry. This time
we must include the notion of the covariant derivative, since 8Hqg doesn’t transform to U@ng;. In the
spacetime manifold, the covariant derivative of a vector is expressed as V,V” = (6"*0, + FZ/\)VA.
By analogy with V,, a covariant derivative in the space spanned by the field ¢“(x) has the form
D, = 0, —igA,. We want to have the transformation law

¢ ¢ =Ug, (3.9.5)
Dyué — (Dud) = U(D,g). (3.9.6)

To find the transformation law that 4, satisfies, we need to manipulate the following identity
D¢ = (8, —igA)Ud = U(8), — igAL)o. (3.9.7)

Developing the left hand side of (3.9.7), we have

D¢ = (8, —igA)Ug, (3.9.8)
= (Udy + 8,U — igA,U)g, (3.9.9)
= U(8, + U0, U — igU A, U)g. (3.9.10)

Comparing (3.9.7) and (3.9.10) we identify

U0 U — igUT AU = —igA,,. (3.9.11)
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Using the identity 9, (UTU) = (0,UT)U + U'9,U = 0, equation (3.9.11) can be written as
A, =UAUT + LUd,UT. (3.9.12)

The transformation law D,, — D), can also be derived from D;gg’ = UDuq;. Indeed, we have

D¢ = D,U, (3.9.13)
=UD,¢=UD,UNU®); (3.9.14)
= D, =UD,U". (3.9.15)

Now define gF,, = i[D,, D,]. By acting on an arbitrary ¢ we have
i[(0y — igAy), (8 — igAL)] 6 = (10,0, + g0 Ay + gALD, + g AL, — ig? ALAL) & —
(10,0, + 900 Ap + AL, + gAD, — ig° A AL) 6.
After simplifications the explicit form of F,, is given by
Fuw = 0 Ay, — 0, A, —iglA,, Al (3.9.16)

The transformation law F,,,, — .7-";,, can be obtained directly from the transformation law of D,, — DL.
Indeed, we have
9F,, =ilUD U UD,UY =iU[D,, D,JU" = gUF,,U". (3.9.17)

Armed with the above results, a general form of the action for a theory invariant under both Lorentz
and gauge transformations is

S = / dix {(DMQZ)TD%; —m?¢lg — itr(]—"m,}"’“’)] , (3.9.18)

where the operator trace runs over the gauge group indices. The Lorentz invariance of this theory is
ensured as usual by the proper contraction of Greek indices such as u, v, ... while the gauge invariance
requires the trace. Indeed, using the cyclicity property of “tr", we have

tr(Fp, F) = tr (UFL FU) =t (U0 R, P )
= tr(Fu FH).

In the next paragraph we will show that the fields A, as well as F,, are elements of the Lie algebra.
To do this we need to work with the transformation law

A, =UAUT + éU&UT.

For an element U = ¢"* (@7 where T* € u(N), we have
UOHUT _ eiaa(a:)T“aue—ioa“(z)Ta’
= ema(x)TGe—iaa(z)TQ(—i)@uaaTa = —i0,a"T?,

which is Lie algebra valued. Hence A, must take values in the Lie algebra. Since F,, is constructed
from A, F,,, must also take values in the Lie algebra u(/N). Recall that the Lie algebra u(N) of the
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Lie group U(N) is of dimension N2. Thus, we define {T7},_; _n2 to be the set of basis vectors of
u(NN) such that

T =1 : (3.9.19)

j=1,...,N2
tr(TT?) = 6%, (3.9.20)
ZTaszTakl = Oikdji = ZTajiTakl~ (3.9.21)

The first identity is required by the definition UUT = 1 while the second one is a normalization condition
for the basis {77}. After normalizing the 77, the last equation is nothing but the completeness relation
of the Lie algebra. In addition to the above properties of 77, we can also define the structure constants,
fae, of the Lie algebra

[T, T% = i febeTe, (3.9.22)

It is straightforward to see that f?¢ are real numbers. Indeed, by daggering this relation we have
[Ta, Tbr[ _ _Z-fzzbc*TcT _ _,L-fabc*Tc’
— —[Ta,Tb] — _ifabcTc;
= fabc* _ fzzbc
It is already clear that the f%*¢ are antisymmetric with respect to the first and second indices. It is

not difficult to see that ¢ is completely antisymmetric. To see this, use the orthonormal condition in
(3.9.20) and use the linearity plus cyclicity properties of the trace, to obtain

1
ftr(TC[Ta,TbD — fabdtr(Tch) — f@va
1

1 1
= —tr(T°T*T" — T°T°T*) = ~tr(T°T°T* — T*T°T"),
2 2

= %tr([Tb,Tc]Ta).

These equations prove that f*¢ is indeed completely antisymmetric. Now we can expand A, and F,
in the Lie algebra as

Ay = ALT, (3.9.23)
Fuv = F,T% = (0,A% — 0, A% + g f**° AL Ag)T". (3.9.24)

a

It will be useful to work with the transformation law that A, satisfies in terms of the components AY.
Consider

A, =UAUY + LU9,UT,
= (1 40T Au(1 = ia"T*) + L(1 + i T*)(=i0,a")T*,
= ASTC 40T, A,] + £0,0°T°,
= AT = (A, — 0 Al + 10,0°) T,
This equation holds for all T so that
AG = A — el AT 4 20,00, (3.9.25)
= A — [l AS + 10,00 (3.9.26)
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The field F}j, is interpreted as the field strengths of N? interacting “photons”’. The interaction is a
consequence of the commutator between the different fields A,,. Hence the action found in (3.9.18) is
not a free theory. This theory is closely related to Quantum Chromodynamics (QCD), in the case where
the gauge group is SU(3).

We have constructed a theory which is simultaneously Lorentz and gauge invariant. We are now
interested in the quantization of the theory. We will again adopt the path integral quantization formalism.
The gauge fixing condition that we are going to consider is the following

F[AL] = 9,A™ = 0.

Note that these are the generalization of the Lorentz gauge fixing condition defined in the case where
the gauge group is U(1). The Faddeev-Popov determinant det (%) is no longer constant but depends
on A,. Indeed, with the help of (3.9.26) we have

SFA(x)]
dac(y)

To deal with the Faddeev-Popov determinant which now depends on the field A%, we introduce ghost
fields C and C which are complex Grassman numbers. Recall that the determinant of an n X n matrix
O can be expressed as a Gaussian integral with the help of complex Grassman numbers as follows

~ 9, [(g Fobe b 4 aﬂaac) 5z — y)] .

det(0) = / d0rde; . .. do%de, e~ 2is % il (3.9.27)
The Faddeev-Popov determinant can be computed in the same way. Hence we have
oF® - ;
det ( M) = / DCDCe™s (3.9.28)

C =caT*
where C, C and S, are defined by < C = ¢*T®
Sy = [ d4aCO-0m8,5% —gfabeor Ab]CC

(3.9.28) is a path integral over the configurations of the ghost fields. The path integral of the theory,
after removing the volume of the gauge group, takes the form

a . 1 o
det (‘SF> ' 5 (8 Ak ¢ Gz Too PRI A (3.9.29)

ZFP[jM] == DAV St

Using (3.9.28), this expression can also be written as
Zeo[Tu] = / DA, DCDCS (8, Al) ¢S+ [ dwter(TuA") (3.9.30)
where S is given by
S = / dh {tr (= o Fu 1) + C* [~ 010,60 - gfoeor ab]Ce. (3.9.31)

In general it is much more convenient to use a Gaussian averaged gauge. To this end, consider an
element £ € u(N) and a gauge fixing condition such as

OuAr — =0 (3.9.32)
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transform the action and path integral in the following manner
Zeo| T = / DA, DCDCDES (9, A — €) "5 TnA") - where
S = / da {tr (= by Fu Fi) + O [~009,60 — g feor AL C° + Str(¢?) |

The additional Gaussian integral over £ simply contributes a constant factor that can be absorbed into
the measure. Here again, by setting &« = 1 we will have the Feynman gauge fixing condition, familiar
from what we have seen in the Gupta-Bleuler formalism. In fact we showed that the Feynman gauge
adds extra terms such as —%(8MA““)2 to the Lagrangian density. These terms are also evident in the
Lagrangian density we obtain here

1 a a L AV Q v a 1 La —a a
L= _Z(aﬂAV — OZ,AM)(G’ AV — 9V AP — 5(8,“4’ )2 - C"9,0"C
abc a vc 1 abc pade c ve —a rabc c
— gf DAL AP A — g fC AL A AT — gC° 01 (A} C)
The final simplified version of the Lagrangian density using the Feynman gauge fixing condition is
1 a v a a a abc a ve
L=—S0,AL0" A" — C"9,0"C" — gf be(9,A%)AMP A
1 abc rade c ve QA rabc c
- Zg2f bepade Ab AL APTAVE — gC" fbeot (AL CE). (3.9.33)

The parameters that appear in the Lagrangian are not directly the parameters we measure in the lab. It
is useful to split the parameters appearing in the Lagrangian into a physical coupling plus an extra piece
known as a counterterm. For a more complete discussion, the reader is referred to [5, p. 325]. If we
now take account of all possible counterterms consisting of either relevant or marginal terms consistent
with the symmetries of the theory, the total action is

S = /d4x (Lren + Let), (3.9.34)
where

1 14 a ~a a abce a ve
Lien = _581/1428 ARt —C 8H8“C — gf b (8“AV)AMbA

1 ~a
_ Zg2fabc!]vade14214514,11,dAAz/e _ gC’ fabcau(AZCc); (3935)
['c.t — _%618VA38VA;LCL _ 6;0)0118“8#0(1 _ géfg)fab(:(aqu)AubAyc

1 Varl
— 1554-‘” gPfobe pade Ab AC ARCAVE — g51OC" frbeon (AL Ce). (3.9.36)

3.10 Feynman rules of the gauge theory

Having the above Lagrangian in hand, we can carry out the calculation of the Feynman rules. Recall
that for any field theory the Feynman propagator is determined by the two point function of the field.
Thus, our first task is to compute the two point function of the gauge fields A,, and of the ghost fields
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C. Since these fields do not mix at quadratic order we can compute their two point functions, separately.
For the gauge fields, we have

(S 5 ; 4 a Aa
T ACL Ab — DAd 'lSQ—‘rfd rJIAH
O (Ax(e) ALt 10 = st s [ A0

(3.10.1)

J3=0

Above S5 is the action of quadratic terms in the Lagrangian L., which are the only terms needed
in the evaluation the two point function. The only quadratic gauge field term in (3.9.35) is the term
~19,429”Are. Thus, (3.10.1) becomes

a 5 (5 4x —il a av a pAa
O (A5 4222 ) 10) = 55 5500 / DAfe] I'=(ZizASOMATIEAY) | (3102)
m v J3=0
5 6 / d d4 -lAaa oM Aav a fap
= DAdeS IoligALou oA T A 3.10.3
(5Jﬁ(x1) (5JB 1‘2) P J2=0 ( )

The passage to the last line has used an integration by parts. This is a Gaussian integral which is most
easily performed by completing the square. Towards this end we set

10, 0" AgY + J* = 0. (3.10.4)
To solve this, introduce the Green's function G(x — y), which obeys
0,0"G(x —y) =6(x —y). (3.10.5)

Using the Green's function, to construct AZ2”, shift
As(a) > A = AL+ Ay (@) =A%) +1 [ dlyGla )T (o). (3.1056)

Noting that the integral measure DAZ is invariant under the translation of the the gauge field in (3.10.6),
(3.10.3) can be rewritten as

(O (4, (1) AL (2) ) 0) (3.10.7)

Ja=0

(5 4,..(;1 Aral ©w AtV ap Aal
DAdeS d*a(iz A%, 8,01 AV A% )
5Jb(x2) / P

0
(SJ;}(Ztl)

We can simplify this expression if we substitute the explicit expression for the fields A/ into the argument
of the exponential. Consider the argument of the exponential

1= [ |ig (430 +i [ @6 -niw) o0 (4@ +i [ atyeia - nrw)
+J,(x) <A““(f€) +i/d4yG(:v — y)J“”(y)>] :
_ % / A (2)0,0" A () — % / / A d y AL ()90 0" G — y) T (1)
5 / / Drd y Gz — y) I (y) 0 0™ A (z) + i / / dizd'y 3 (@)G( — y)J™ (1)

7

5 / / d'ad'y ( / d*20,.0"" G(x — Z)JCW(Z)> Gz —y)JJ"(y) + / d*2J% () A (2).
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Two successive integration by parts can be carried out to cancel the second, the third and the last terms
of this equation. We need to use the equation (3.10.5) to finally obtain

I= /d4x (;) A7 ()0, 0" A" (x) + % // drzdiyJ(x)G(x — y) T (y). (3.10.8)
Thus, the expression for the two point function becomes
(5 5 i 4 a Y X1% 4 4,.34, Ta _ av
0T (A% (21)Ab (22)) [0) = / D Adeh [ AwAL(@),04 A% (2) 15 [ d*rd 'yt ()Gla—y) I (1)
OF (45048 w2)) 10) = 57 5mes | P4, -
(3.10.9)
We can simplify this expression further by recalling the normalization
/ DAt IR AL@ (D9 A @) _
so that the final expression for the two point function is
O (A3 4L(e2)) 0) = 50—t e (5 [[ dedysg@cia —paw)|
H 6J5 (1) 6J)(x2) 2 Ja=0
(3.10.10)
= 6%, G(x1 — 22). (3.10.11)

This last equation, together with the equation (3.10.5), allows us to express the Feynman propagator,

as
d4k _ieik-(ml—wg)
Db = L0 .10.12
o (71, 2) /(277)4 K2 tie (3 )

The corresponding Feynman diagram for this propagator, in momentum space, is

k

_>
—i%éab © o a,p TTSTYTEEEY b, v
k2?2 + ie

Very similar calculations can be carried out in the evaluation of the Feynman propagator for the ghost
fields. Indeed the two point function is

1)
on(x1)

(Ol (C*(21)C" () ) 0) =

5 bfx ) / DCepCeiSat] dta(n o 0" . (3.10.13)
T2 1=i=0

Again, S, is the action consisting of the quadratic terms in the ghost field appearing in Lren. The only
quadratic term in the Lagrangian is the term —C“0,,0"C®. Recall that the ghost fields are Grassman
numbers. Thus the source fields n* and 77 have to be Grassman. The analog of (3.10.4) is

—id GO _ e —
{ 10,0"C% =1 =0, (3.10.14)

i0,0rC — i = 0.

These equations share the same Green's function since the second equation is the complex conjugate of
the first. Let G(x — y) be the Green's function associated to (3.10.14). It satisfies

0,0"G(x —y) = 6(z —y). (3.10.15)
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Accordingly, the shifted fields are expressed as

{ca’@:) = C(a) +1 [ d'a Gz = y)n(y),
C!(w) = C%(x) — i [ d*aG(x — y)n(y).

Now, use equation (3.10.15), two successive integration by parts and the anticommutativity of the
Grassman numbers to obtain

I=—i / diz (Oa(x) —i / dAyG(z — y)ﬁ“(y)> 90" (C“(w) +1 / d'yG(x — y)n“(y)>
+ /d4x {na(x) <C_’a(x) — i/d4xé(m’ - y)n(y)) +7%(x) <Ca(x) - i/d4l’é(l’ - y)n(y)> } ,
— i [ daCt(@)0,0°C @) + [ el @it (a) — [ adtart@)Cn@) i [ [ atedtyGle -y (o)

= —i/d4xC_'a(x)8M6“Ca(a?) +1 // drzdiyi®(x)G(x — y)n(y).
Again the first term of this last equation can be dropped because the path integral is normalized
/ DDt 20 (2)0,00C% (@) _ (3.10.16)
We now obtain

a ~b o 0 J . —a e a
(o|T (C’ (z1)C (:z:z)) 0) = 57 (ay) 5P () P (Z/ d*zd'yi® (z)G(z — y)n (y)>

n=1=0
(3.10.17)

= —i6G(x1 — o). (3.10.18)

The Feynman propagator of the ghost field is thus

d4p ieip-(rl—zg)
ab ab
D (ml,m):/(%)4 e 5. (3.10.19)

The corresponding Feynman diagram is

)p/ b
/’ ,I:(sab
-7 p?+ie

We now turn to the interaction terms in the Lagrangian L,.n,. The computation of the three point
vertex of the gauge field is carried out by expanding the exponential of cubic terms in the Lagrangian
and keeping the quadratic term in the exponential. The only cubic term in Lo, is the term S3
—gf“bC8MA3Ab,uACV. Thus, at first order we have

53

abc _ a b c _
Dy, w2, 25) = (OIT (A5 (1) Ay (w2) Af(5)) [0) = 579 (1)3 T (22)5.1° (3)

Kvp

; 4 e AfH
/DA(CTIS3€zSQ+fd 2JSA

(3.10.20)

JE=0
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It is much easier to write this expression in terms of the possible Wick contractions. One example of
the contractions of the fields is

Dy = / DAY / 042 (—ig) f7* A (11)0, A (2) Ab () AT (2) A% (3) AP (2) 152

Now we can use the two point function for the gauge fields to obtain

Dy = —igfijk/ 2(i) (0~ G(a1 — 2)) 6" e (1) G2 — 2)8% 6, (1) G (w3 — 2)%55, (3.10.21)
dik etk (ri—z d4p jetp(w2—2) d4q jeta(z3—z)
_ ;. rabc 4
= —igf /dz<8 /(%4 e >/ 2m)i PP e /(%)4 i (3.10.22)
d4k‘ d4p dq i ] i -
_ _ , fgabc 4 i(k-z1+pzotqas)
gf nup/// 27[_)4]{31/]{:2_'_@62) —l—zeq —{—16(27‘-) 5(kz+p+q)e .

(3.10.23)

There are five possible contractions of the remaining fields. It is straightforward to see that the sum of
these six contractions yields the following coefficient associated to the vertex in the Feynman diagram
for the interaction of the gauge fields,

a, b

gf [k = D)o+ Mp(p — O + Ml — k)]

M

b,v c,p

The total momentum flowing into the vertex is zero. The four point vertex of the gauge fields is
evaluated by computing

54
§JH(x1)86J0Y (22)8JCP

abed
Dy (21, 22, T3, 74) =

/ DAL §,eiSt[ dwliAl (3.10.24)
(z3) Jd’Y(I4 Je=0
Noting that in Sy oc —% gAfmm TS An AL AT AV® there are two lower Lorentz indices and no deriva-

tive, it is clear that our result will mvolve a tenso_r of the form Mg My 81520 = MapTloy- Indeed, the
contributions of all the contractions of the gauge fields is summarized in the following diagram.

*igg [ fabchde(nupﬁw,« - 77#",«771/;:)
+f acef bde(nm/npﬁ« - nuﬁ«nup)
b,v +f adef bce(nwnm - nuﬂ”m)]

&p

d,y
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The total momentum flowing into the vertex is again zero. The last interaction term in the Lagrangian
Lyen is S3 o< —gf®cC29,,(AY C°). The expression that we want to compute is
53 Je=0

0|7 (C%(x1)Ab (25)C¢(23)) |0) =
(0]T (C(21) AL (z2)C%(x3)) |0) 5 (o) (oa)37 (on

i

: / DCIDAIDC* SyetSet] ylpA n CeneC)

(3.10.25)

e—pe=(

Arguing as we did above we find

where the total momentum flowing into the vertex is again zero.

3.11 Renormalized perturbation theory

In this section we will develop the renormalized perturbation theory for our theory. We will develop the
discussion in the context of an interacting scalar field. In this way, the ideas we need are developed in
the simplest possible setting. Consider a field theory described by the Lagrangian

L= %Z@qu@“qb — %ZngzSQ — gZ%p*.

Here g and m are two parameters appearing in the Lagrangian. We have no careful argument relating
g to the interaction strength and m to the mass of the particle. Further, the field ¢ appearing in the
Lagrangian might not represent the physical field strength that we measure. For that reason we have
included a scaling Z which relates the field we actually measure to the field appearing in the Lagrangian.
Renormalizing a theory amounts to eliminating Z, g and m for the physical mass m, and the physical

coupling Gpnys-

Computations in QFT are plagued with divergences. We will see that renormalization will remove
divergences, for a special class of theories know as renormalizable QFTs. Note however that this is a
“side effect”: the goal of renormalization is not to remove infinities, but to replace theory parameters
with parameters we would measure in the laboratory. We will start with a discussion of the parameter
Z. Towards this end, consider the free Klein-Gordon theory with the well known Lagrangian density

1 1
= - B — —m2p?
L ngbﬁgb 2m¢.

At the quantum level, we require that
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Thus, a one particle state of this theory is

) = / &k f(F)al (F)[0).

To obtain a correctly normalized state, we require

() = /d3kf(E)|2 =1.

We usually interpret this last equation as the probability of creating a single particle state. For an
interacting scalar field, the probability of creating single particle state is not equal to one. Indeed,
since we consider an interacting theory, the scalar field creates not only a single particle piece but also
multiparticle garbage. Thus, the field must be renormalized if we want it to create a single particle
state with probability equal to 1. The scaling number Z implements this field renormalization. To see
this, note that the Feynman propagator becomes

Canonical quantization of this Lagrangian gives

[¢(@,t), 7' (5,0)] = [¢/(7,1), 2

Now it is clear that our interacting field creates a single particle state with probability Z < 1.

The Lagrangian of the ¢* theory given has three parameters m, g, Z. In 4 dimensions g is dimension-
less. Renormalization, the process of eliminating Z, g, m for my,, gphys, is achieved through matching
conditions (or renormalization conditions) given below.

- The pole of the two point function must be at mz, where m,, is the physical mass that we measure
during an experiment.

- The residue of the pole m, must be equal to “i" to ensure that field creates single particle states
with probability one. This condition sets the parameter Z.

- The prime in the following diagram means remove the external legs
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Jphys is defined to be the magnitude of the scattering amplitude at the specified momentum. The
variables s,t and u are known as the Mandelstam variables. These variables are conventionally
useful to express scattering amplitude in a simple way. In the above diagram they are defined by

s=(p1+p2)? = (p3 +pa)?,
t=(p3 —p1)* = (pa — p2)*,
u=(ps—p1)* = (ps — p2)*.

For more complete discussion, the reader is referred to [5, p. 156, 325-327].

Renormalization is always preceded by some regularization of the theory. A regularization of the theory
is a deformation of the theory so that the original infinities only appear when the deformation parameter
goes to zero. Some property of the theory is always spoiled by the regularization method. We summarize
in the following table some methods of regularization and the properties of the theory they spoil.

Method Summary Spoils
Cut off P = p) = |p| < A

Scale invariance &
Lorentz invariance

add new mass M particle

Pauli-Villars o .
with “ wrong statistics

Scale invariance & Hermiticity

Dimension regularization | continue to 2w dimensions scale invariance

Note that the covariant cut off condition p? = (p°)® —|p]2 < A2 is ineffective as a regularization method.
We will now consider a detailed study of our renormalization conditions. Start from the third condition
above. The diagrams corresponding to the scattering amplitude M (p1p2 — psp4) at one loop are

Our renormalization condition is

i

. . iq)2 4 1
“Gphys = _Z-gZQ + (15;) / (gﬂz)j‘l P2—Zm2

+
(p+p3s—p1)?—m? (p+ p1 + p2) — m?

P1=p3 p1+p2=4m,2,
7
4172
(p+ps—p1)2-—m?|, _
(3.11.1)
Introducing the quantity
d*p i i
V(K% = here k = 3.11.2
V) = [ W ke N
we can write our third renormalization condition as
. iz @. . . 4172 11
VGphys = —19L° + [i V()] smamz + 1V (E)|i=g + 7 V(w)|,—o]4!Z7. (3.11.3)

2
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Consider now the first two renormalization conditions which both involve the two point function. At

one loop we have

—1 4 71 71
A d'k 2 (ig22) 14 .
p2 _ m2 (27-(-)4 k2 _ m2 p2 _ m2
For small coupling g and after some algebra, this can be written as
iZ !
2 2 Ak __ig
p m 12](27)4k2—m2

Hence, according to the renormalization condition above, the physical mass of the scalar field is

d*k ig
2 _ 2

The renormalization conditions also imply Z = 1.

There is a general method, known as power counting, that enables us to estimate what divergences
we expect in a QFT. The method is basically a clever application of dimensional analysis. Indeed, in
d—dimensional spacetime any Feynman diagram has the algebraic form

i i
I:/ddpl.../ddqu2 5 - (3.11.5)

_ o
1—m g —m

where L is counting the number of loops while I is counting the number of internal propagators in
the diagram. If we consider the contribution to these integrals coming from very large momenta, the
masses may be set to zero. In this case the only dimensionfull parameter is the large momentum cut
off A. Since this is the only dimensionfull parameter in the problem we can estimate how I depends on
A using nothing but dimensional analysis.

In this way, it is straightforward to see that the convergence of the diagram is controlled by the quantity
D =dL -2I. (3.11.6)

Indeed, each loop in a Feynman diagram brings a potentially divergent d-momentum integral in the
numerator. In contrast, each propagator aids the convergence of the integral by putting two powers
of the momentum in the denominator. The quantity D is called the superficial degree of divergence
because although it is a useful guide, it sometimes estimates the divergence incorrectly. Note that this
argument must be modified when we include fermionic propagators, since a fermion propagator has a
different momentum dependence

If D < 0 it can be shown that for a diagram without a divergent subdiagram, the integral (3.11.5) is
convergent. In contrast, if D = 0 the divergence of (3.11.5) is logarithmic (log A) and finally if D > 0,
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the ultra-violet divergence is proportional to A”. Now in general, the formula for the superficial degree
of divergence is

D:d—<§—1>E+n[;(d—2)—d], (3.11.7)

where n counts the number of vertices in the diagram, E counts the external legs and 7 is the power of
the field appearing in the interaction term as

L= /ddmgrgb". (3.11.8)

To derive (3.11.7) start by noting that the number of momenta we integrate over is given by the number
of loops L. We also know that we need to integrate over a momentum for each internal line, that each
vertex has a momentum conserving delta function collapsing one of the integrals except for one delta
function which expresses the overall energy-momentum conservation of the diagram. Thus,

L=I—n+1.
Next there are E + 21 propagators ends that must connect to rn points on the vertices, so that
rm=FE+ 21.

Using these two identities in (3.11.6) gives (3.11.7). From the interaction term, as in (3.11.8), we can
argue that the dimension of the coupling g, is the coefficient of the number n of vertices in the formula
(3.11.7). In other words, we have

a—2
2

lg:] = [Length] (7).

Looking at (3.11.7) it is clear that any theory with a coupling of dimension [g] = L® with a > 0, has
an infinite number of Feynman diagrams which diverge. These can't be removed by a finite number of
renormalization conditions. Thus, these theories are not renormalizable.

Since the mass dimension is the inverse of the length dimension, the above statement can be rephrased

as follows.

- A theory is renormalizable if the dimensions of all the coupling constants are either dimensionless
or have positive mass dimension.

- A theory is non-renormalizable if the dimension of any of the coupling constants has a strictly
negative power of the mass dimension.
The expressions relevant or marginal terms, refer respectively to couplings that have a positive power

of the mass dimension or are dimensionless.

Now, returning to the ¢* theory, the above argument implies that this theory is renormalizable in d = 4
dimensions. Recall that the Lagrangian density of this theory is

1 1
L= iZﬁﬂqﬁa“qﬁ — 5m?Z¢2 — Z2%g¢*

= %(1 +Z —1)0,¢0"$ — %mQ(l +Z—-1)¢* - (1 + 2% —1)g¢*

1 1
= 304606 — SmAG? — 96" + 320,00") — Gy 6 — ,0".

counterterms

renormalized terms
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The counterterms [5, p. 325], in the Lagrangian introduce new Feynman diagrams with coefficients
chosen to ensure that we can satisfy the renormalization conditions order by order in perturbation
theory. Thus, using the renormalization conditions we solve for the values of the counterterms order by
oder by order in perturbation theory. As an example, the term 5g¢4 introduces the new diagram

—id,



4. Euclidean Yang-Mills theory

4.1 Finite action field configurations

One of our aims in this chapter is to study the Yang-Mills field configurations that have a finite Euclidean
action. Recall that the solutions to the Euclidean equations of motion are called instantons. This
chapter is a generalization of our study of instantons in quantum mechanics. From now on we will work
in Euclidean space and any action that we use is an Euclidean action. The metric in Euclidean space
is the Kronecker symbol §,,,. Naively the statement finite action i.e. S < co seems to be required so
that the path integral weight e~5/" is non-zero. Indeed, after a Wick rotation of the time coordinate,

the path integral of a scalar field
S[¢,J]

Z[j]z/p¢e— g (4.1.1)

seems to be dominated by the minimum of the action. Field configurations with .S = co do not seem
to contribute to the path integral.

However, this is not true. As an illustration, go back to the quantum mechanical path integral of the
. . . o 2
harmonic oscillator, with Hamiltonian H = 1 (92)° 1 222 We showed that a general path z(t) can

be expanded around any solution Z(t) as

2(t) = #() + 3 Con(),

n

T/2
/ dtTpnTm = Onm,
—T/2

d2
<_dt2 + w2) Tn = ApZn.

Evaluating the action, S = [ dtH of this path, up to the second order in C,,, yields

1
Slz(t)] = 3 Zbi, where b, = Cp/ Ap. (4.1.2)
We normalize the path integral measure as
db
N'[dxz(t)] = =
so that
N’/[d]s/h H/m dbn_ -2 1 (4.1.3)
xle = e 2h = 1.
=)o V2Th

Now, every finite action motion requires that [b,] lies inside some hypercube, —L < b, < L. Under this
condition it is straightforward to see that (4.1.3) becomes

/ —S/h : r dbn,  _tu
N' [ [dz]e = nh_}n;OH . 27Th6 2n | — 0. (4.1.4)
21

84



Section 4.1. Finite action field configurations Page 85

Hence, leaving out the finite action motions does not affect the value of the path integral. The reason
why we consider finite action configurations is because they lead to a non-zero answer when we use
them as a starting point for a semi-classical expansion.

Consider the Yang-Mills action
1 v

where A is a coupling constant and we adopt the following conventions
D#:8#+AAH, f#y:[D#,Dy]7
Fuw = 0 Ay — 00 AL + A[AL, A,
Al = —A,.

1

~ 3

With these conventions the fields are anti-Hermitian as are the generators of the gauge group. In
4-dimensional space, the integral measure d*z is d*z = r3drd§ls where r = VOwxta? and Q3 are
respectively the radius and the solid angle of a 3-dimensional sphere S3. In general it is straightforward

to show that the total solid angle of an (n — 1)-dimensional sphere (S"7!) is 2, 1 = 2%. Thus,
2
for our case here we have Q3 = 272, Hence equation (4.1.5) becomes
1 Q3 400
S=— / dQs / drrtr(Fu, F*™). (4.1.6)

For a finite action tr(F,, ") must fall off for large r at least as fast as 74% An equivalent

statement of this condition is to say

e>0"

1 1 1

X»F,u,u = aMAV - al/A[L + A[AM; Ay] X E = A/L X m (417)

This is a condition on the behaviour of the field for large r, that is on a three dimensional sphere S3,
As a consequence of gauge invariance, we can relax (4.1.7). Indeed, it is enough to require

1 1
Ay =190u9" + 0 (THJ : (4.1.8)

Above we have g € G, where G = U(N) is the gauge group. Clearly all elements of the gauge group
G vyielding a non zero field configuration on S3. must be maps from S3. to G. It is not difficult to
see that the physical fields F,,,, are always zero on S3_. Even though our gauge field does not vanish
as r —» 0o, it still gives a finite action solution. We can summarize our discussion with the following
corollary

Corollary: For every finite action field configuration on R*, there exists a map from S2_ to the gauge
group G defined by

g:58% —G. (4.1.9)

Let S; be the set of maps from S2_ to G, giving a finite action field configuration. Consider a non zero
field configuration A,|.s = %gaugT; it is not difficult to show that an element g, giving a configuration
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of a finite action, is not unique. Towards this end, pick an element of the gauge group h € G and
perform the gauge transformation

1
Ay — Al = hALT + XhauhT +0().

We can rewrite this as

A, = h(%gﬁﬂg_l)h_l + %haﬂh—l +0(:5), (4.1.10)
_ %hg(@ug_lh_l LY + O (), (4.1.11)
= %hg@u(hg)_l +0(:15), (4.1.12)
= hg0u(hg)' + O (). (4.1.13)

.A:L is the same physical state as .4,,. Note that in general we can not choose hg to be the identity of
the gauge group. In fact the gauge transformation h is defined on R* while g is only defined on S3..
Thus, h must always be a smooth function and must not depend on the angles of the three sphere at
radius » = 0. We can always choose h = 1, at r = 0.

Figure 4.1: Figure illustrating how h and g are defined geometrically.

Accordingly if we can choose hg to be the identity, it follows that we must be able to continuously
deform g to the identity. However we have no proof that we can do this. We will see later that we can't
pick h = g~! in general. Note that the fact that we were working in 4-dimensional Euclidean space
leads us to the manifold S? at 7 = co.

4.2 Some geometry and topology background.

Now we are interested in classifying the set of finite action field configurations. Recall that we denote
the set of these configurations Si. It turns out that this classification can be performed by a simple
set of rules. For any g1, g2 € S¢ if there exists b € G such that g; = hgy then the configurations
corresponding to g; and gy are counted as the same physical configuration. Indeed, this must be true
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since h € GG is a gauge transformation implying that the configurations corresponding to ¢g; and g, are
the same physical state. Hence, two physical configurations are different if they can not be continuously
deformed into each other by a gauge transformation, in other words #h € G such that g; = hgs. In order
to carry out this classification, start with a simple toy model problem. Obviously the simplest version
of this problem is to choose G = U(1) and the Euclidean space R?. We start with some definitions.

e Path. Given a topological space X and an interval I = [0, 1], a continuous map v : [ — X is
called a path with initial point «(0) = x¢ and final point (1) = 2.

e Loop. A path is called a loop at the base point z¢ if @(0) = a(1) = =o.

e Constant path. A constant path ¢, is a surjective map from I to a single point {zo} C X.
Automatically, by definition, a constant path c,, is also a loop at the base point xg.

e Inverse path. Given a path a(s) such that a(0) = zg and «(1) = x1 , the inverse path is defined
by a~(s) = (1 — s). Thus, we have a=1(0) = 21 and a~ (1) = x.

e Product of two paths. The product of two paths « and 3 is a path denoted « * 3 and can be

defined as follows.
_Ja(2s)
axf(s) = {5(28 )

o= O

A A
e

»
VANAN

The following figure illustrates this products of two paths.

1/2
S I

Figure 4.2: Figure illustrating the product of two paths.

1

I
1 1
I 1
1 1
e

of---

An extension of the above definitions are also valid for loops. It is straightforward to see that the inverse
of the product given above is defined by

(ax )M s) = 7 w0 (s) = {

Now we are ready to define homotopy. Given two loops o and 3 at the same base point xg, we write
« ~ 3 and say they are homotopic if there is a continuous map F' such that

F:IxI—X

F(s,0) =a(s), F(s,1)=p(s) Vsel

(s,t)i—>F(S,t):{F(O’t):F(l,t):xO Vt e I.

The map F is called a homotopy. We say that « is homotopic to 3 if a ~ 5. If a is not homotopic to
8 we write e = 3. The following figures illustrate homotopic and non-homotopic loops.
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a)

Figure 4.3: a) We have o « 3 on the torus T2. The paths shown can not be deformed continuously
into each other on the torus. b) We have v ~ ¢ but v » p and o ~ p because of the hole in the
2-dimensional plane. Note that all these loops are homotopic to each other if they were embedded in
3-dimensional space and we can move past the hole by lifting the curves out of the page.

With the help of these figures, the notion of homotopic loops is clearly strongly related to the topology
of the embedding space. It is also useful to define the connectedness of a topological space.

4.2.1 Definition. A topological space X is said to be arcwise connected or connected if we can define
a path from I to X between any pair of points in X. Moreover X is said to be simply connected if
any loop defined on X can be shrunk to a single point. As an example, the torus in figure a) 4.3 is
connected but not simply connected.

“Homotopic to" is an equivalence relation. Indeed, it is straightforward to show reflexivity & ~ av . The
continuous map for this is defined by

F(s,t)
F(s,0)
Consider three loops o, 3, v on a topological space X. F'is the homotopy map such that a ~ 3. The

symmetric relation § ~ « follow from the homotopy map F(s,1 —t). It is also straightforward to see
the transitivity is defined by the homotopy map H such that

Hist) = F(s,2t)
7 G(s,1—2t)

a(s)Vtel
F(s,1) = a(0)

= O
IA A
~
IA N
— NI

where 3 ~ « has homotopy G(s,1).

On a topological space X, the set of loops homotopic to « is called the “homotopy class” of « and
denoted by [a]. Naturally the set of homotopy classes partition the set of loops at a point on X into
disjoint subsets. The set of homotopy classes of loops at zy on X is denoted by 71 (X, ) and is called
the fundamental group of the topological space X. If the topological space X is connected then there
is no need to specify the base point of the loops, so the fundamental group is simply written as 71 (X).
The group operation is defined as follow. Given a topological space X, two loops o, 8 on X, the group
product is defined by

o] * [B] = [ f].

We must check that the right hand side does not depend on the representatives « and 3. As an
illustration, consider F'(s,t), G(s,t) which are respectively the homotopy between a1, as € [a] and
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B1, B2 € [B]. Thus, for a given t, the loop product a; * 1 can be defined by a continuous map fIt(s)
such that
. F(2s,t 0<s<ilwvierl
Ht(S):H(S,t): <S7) 1_8_2
G2s—-1,t) 5<s<LVtel

where H(s,t) satisfies the conditions
H(O,t) = H(l,t) = (Oq * ﬁl)(()) = (051 * 51)(1> = xg, Vt € I.

But by definition we have a1 ~ ag and 31 ~ (2 thus H (s, t) is promoted to the homotopy map ensuring
aj * 1 ~ ag x B9, Hence, together a1 * 81 ~ ax 8 and ag * B2 ~ a * 3 define a homotopy class of the
loop product between [a] and [3]. This last statement shows that the class [a * /3] of the product of
a loop in [a] with a loop in [3] is unique and doesn't depend on the representative of the classes that
are multiplied. Thus, the class of the product of loops in X is the product of classes in 71 (X, z¢). The
unit element of the fundamental group 71 (X, ) is [cy,] the class of loops in X that can be shrunk to
the base point. The inverse of an element [«] is given by [a] ™! = [@™!]. Indeed, we have

[a] * [eao] = [ezo] * [a] = ok ] = [a],

[o] * [o] ' = [a] ™" % [a] = [ox a7'] = [caq)-

A generalization of a loop on a manifold X is called an n-loop on X at the base point zg. Given a
manifold X and an interval I = [0, 1], an n-loop on the manifold X is defined by a continuous map
from I" =1 x1I---1to X. Explicitly, an n-loop « at a base point zg € X is defined by

——

n

a:I" — X
(t17'” 7tn) ’—>Oé(t1,"‘ 7tn)7

where

a(til =0)=alti|_, ., =1) =0

i=1,---,n n

By analogy with the idea of the first homotopy group, we can consider the nt" homotopy group of a
manifold X, denoted by m, (X, z). Accordingly, m,(X,x) is a set of homotopy classes of n-loops at
the base point xy. We will focus on an n-dimensional sphere S™ as our n-loop. Note that there is no
general algorithm to compute homotopy groups. Therefore, the computation of the homotopy groups
of topological spaces must in general be carried out case by case.

4.3 Toy model problem

As mentioned at the beginning of the previous section, for our toy model problem we want to classify field
configurations of finite action in 2-dimensional Euclidean space, where the gauge group is G = U(1).
As a starting point, we first want to define maps from S. to G. Recall that an element of G’ must
satisfy gg* = |g|?> = 1. Thus, there must be a real # modulo 27 such that g = ¢?’. As a consequence G
itself is isomorphic to S'. Thus, the maps that we are looking for are endomorphisms of S' i.e. maps

from S! to S'. Clearly, our problem is now equivalent to finding the first homotopy group which is
w1 (Sh).
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Consider the following maps

g9(0) =1: the trivial map
gV (0) =€ :  the identity map
g (0) = ™, where v € Z called the winding number.
The trivial map is a constant map from S* to S, i.e. it maps S' to a single point of coordinate § = 0

on S'. From its definition, g/ maps each point of coordinate  to itself. In contrast ¢ maps in such
a way that varying # from 0 to 27 we find that the image S! is traversed v times.

Figure 4.4: Figures illustrating the three possible maps from S! to S*.

It is intuitively clear that any endomorphism of S* can be continuously deformed into one of the three
maps above. For example, the fact that S! is connected implies that any constant map from S! to
itself is homotopic to ¢(®). Consider now g € 71(S). The winding number is given by

i 2 dgfl i 2 dlog(gil)
_ i _ aloely ) 431
v 27T/0 d99< do > 27T/0 40 do (431)

To start off we will prove that (4.3.1) is invariant under continuous deformation of ¢ (that is to say v
is only a function of homotopy class). To this end, consider the following deformation

g—g+0dg=g"— g+ dg".

The requirements that g¢* = 1 and (g + 0g)(g* + 0¢g*) = 1 implies that there must be some number
a € R modulo 27 such that g + 6g = €'®g. An infinitesimal deformation of g forces us to take a small
a. Now use (4.3.1) to compute the winding number of the deformed g.

We have
i 2T dlog(e—iag—l)
Vigrsg = 277/0 df 40 ’
_ [ (dloslg™h)  dio) _ i/2” gooels™)
21 o db de 27 Jo de ’
=v .

g

This proves that the winding number is a homotopy invariant. Next we will prove that for two different
winding numbers 1 and v the product map g1 g*2) has the winding number 14 + 5. We know that
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U(1) is an Abelian group. Thus, we have

- 2
y’ ( — B Trdg (1) (Vz)i ( (v1) (VQ))il
g1 g(v2) o Jo g g a0 g g >
. 2T
¢ v v d 12 -1 v -1
=3 ) g g 2>@ <g< 21 g ) ’
. 27 -1 . 2 -1
7 dg(lq) 7 dg(VQ)
= aggn / dog>
27T 0 g d9 + 27T 0 g d9 ’
=1 + s

This is enough to prove that ¢*) has winding number v. To conclude our study of this toy model problem
we will work out the relation between the winding number and the gauge field A,. Recall that we are in
2-dimensional Euclidean space. Thus, the index j runs from 1 to 2. Consider a vector G, = %eWA,,
where A, = gaug_1 and €12 = 1. The radial unit vector in two dimensions is 7 = cos(0)Z; + sin(6)Z».
Thus, the inner product of the vectors G, and 7, is

ruGy = % (Agcos(f) — Apsin(0)) (4.3.2)

Replacing A,, with its definition in terms of g € U(1) yields

” 1 89_1 X ag_l
TuGp =5 (COS(9)9 5 —sin(f)g e ) (4.3.3)
Next, it is also useful to recall the relations

{85:91 = —rsin(h),

% = rcos(0).

Using these identities with the help of (4.3.3), we have

. ) O0zq 0g ! i 0g!
= = . 43.4
PuGn 2rm <g 00 8xa> 2rr? 90 (434)
=v= % dori, G, = / d*x0,G,,, (4.3.5)
0D, Dy
¢
- /D PaudAy (4.3.6)
! A*xe, Fu. (4.3.7)

N 47 D,

Above D, is the 2-dimensional disk of radius r while 9D, is its boundary which is homotopic to a circle
S!. The divergence theorem was applied to obtain the last line of the above equation. Equation (4.3.7)
shows how the winding number is directly related to the field strength in the two dimensional Euclidean
space.

4.4 G = SU(2) in 4-dimensional Euclidean Yang-Mills Theory

Consider now the case of gauge group SU(2). This gauge group is isomorphic to the manifold S3.
Indeed, any element g € SU(2) can be written in terms of the Pauli matrices o; as

g=byl+ib-& where (by,by,bs,b3) € R: (4.4.1)
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The Pauli matrices satisfy the following identities

0i0j + 0j0; = 20451, (4.4.2)
UZT = 0. (4.4.3)
Thus, we have
g9t = (ba+ib-&)(by — ib- &) = 1, (4.4.4)
= (b + b1, (4.4.5)
= b3+ 0003403 = 1. (4.4.6)

This last equation shows that there is indeed an isomorphism between SU(2) and S3. In other words,
any point (by,b) on S defines an element g in SU(2) and vice-versa. Now we have transformed our
problem of classifying maps from S2_ to G = SU(2) into finding the homotopy group 73(S5%). Recall
that the third homotopy group m3(S®) of the three sphere S? is the set of classes of 3-loops on S3. A
simple example of a 3-loop is the sphere S? itself. By analogy with the construction of 71(S), it is not
difficult see that the classification of the maps can be made by counting how many times they wrap the
three sphere. The following figure shows a map from S? to S? with winding number 2.

3
>\ 2
1
Kl

Figure 4.5: Profile section of a sphere S? wrapping itself twice.

Following our discussion of the elements of 71(S'), we introduce the following standard mappings
g9 (z) =1 the trivial map,
gV (x) = (x4l +iF- &), where |z|* =2 + a3+ 23 +ai=1
g (z) = [¢W(z)]Y, where v e Z.

Note that  is always picked on the surface of 5. Thus it always satisfies |z|? = >, 2 = 1. This time
the case of v negative is related to the orientation of the map wrapping the S. v negative corresponds
to the case that our map takes a left handed trio of tangent vectors into a right handed trio. Besides
the name winding number, the integer v is also called the Pontryagin class. The physical interpretation
of |v| is the same as the winding number found in the toy model problem. Indeed, regarding the maps

defined above, it refers to the number of times the mapping wraps the three sphere S3.

We will accept, without a proof, that every mapping S — S2 is homotopic to g for some integer v.
The formula for the winding number is given by

1

V= ——= fdaldegdegeijktl’ (g

= 942 (4.4.7)

dg~! 9g=! 0g!
00; V00, 7 00, )
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Let us prove that this winding number formula is independent of the coordinates #;, 6 and 63. To
this end, we need to consider a change in coordinates. Consider the new coordinate X;(6;), where
1,7 =1,2,3. Thus, we have

-1 -1 -1
v ! j{dﬁldegdegeijktr< 99 gag g@g ), (4.4.8)

= 24n2 900, 7 00, 7 o0,
1 . 0X- 0X50X; dg~1 0g=' 0g~1
= — ¢ dfdOsydfseTF 11 "k . 4.4.9
24#2}{ LA 96, 06, 00, <g ox; Y ox; 7 ox; (4.4.9)
Noting that
X —1
df1dO>dfs = [det <889>:| dX1dXodX3;
k0% 0X50X [, (90X ] i
80; 00; 06, o6 ’
(4.4.9) becomes
1 — agfl agfl agfl
= dX1dX2d X567t . 4.4.10
v 247r2f 14A2023¢ r(%xggaxjgax,; ( )

Hence the winding number formula is indeed independent of the choice of coordinates. Next, we want
to show that the winding number is also homotopy invariant. Consider a small change of an element
g = e T" of the group. We have

g(1+6X\T?) = g+ goT = 6g = goT. (4.4.11)

The variation of g together with the identity (g + dg)(¢g7 ' + 697 ') =1 = g~ ! = —g 1dgg~" yield

3(90kg™") = 690kg~" + gOdg ™", (4.4.12)
= 690k~ — gOk(g 'S99 "), (4.4.13)
= 848rg " — gokg ™ '099™ " — Okbgg™" — Ogdkg T, (4.4.14)
= —g0kg 1899 — Okdgg". (4.4.15)
Plugging the relation dx(gg™') = 0 = Orgg~! = —gOrg~! into (4.4.15) and using (4.4.11) yields
8(g0kg™Y) = 0pgdT g™ — Ok(gdT) g1, (4.4.16)
= Deg6TG | — OkgdTg " — gOhdTy ", (4.4.17)
= 9Ty . (4.4.18)

Now, insert this variation into the winding number formula and use the cyclicity of the trace and the
identity Orgg~! = —gOrg~' to find

o= 243 2 ?{d91d‘92d93fijktr(932‘9_19319_15 (99k9™ ")), (4.4.19)
7
1 )
= 53 P A01d02d0se M er(g0ig™ 90;9 90k0Tg ™), (4.4.20)
—1 ijk -1
= @ df1dbsdbse tr(&-g @g(’?de), (4.4.21)

1 g
= w 7{d91d62d93e”k8ktr(8Z-g_l8jgc5T). (4.4.22)
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The passage to the last line has used the fact that €% is completely antisymmetric but 9;,0; and OO0
are symmetric. Thus, their contraction must vanish. Finally, using the divergence theorem, (4.4.22) is
nothing but an integral on the boundary of the sphere S3

-1

ov=—
87‘(’2 083

dSkeijktr(ﬁig_lajgéT) =0 (4.4.23)
This integral is indeed zero because the three sphere S3 doesn't have a boundary, i.e. 95 = (). Hence

the variation of the winding number under a continuous deformation is zero. This statement can be
rephrased as “the winding number is a function of homotopy classes” .

Unlike the winding number formula for m1(S'), which could be guessed, the winding number formula
for w3(S3) is more complicated. However, the winding number formula must involve integration of
elements in the Lie algebra just as in 71(S!) problem. Indeed, for any element g of the Lie group,
90,9 ! is an element of the Lie algebra of the group. This is due to the property that any element of a
Lie group is by definition the exponential of an element of the Lie algebra. In the following, instead of
proving the winding number formula in (4.4.7), we will check by direct calculations that it indeed gives
the expected result when evaluated on a standard mapping of S3. To see this, it is straightforward to
compute that the trivial map ¢ (z) = 1 has zero winding number. Consider now the identity map
gV (z) = x4 +iT - &, where we define 23 + 2 + 23 + 23 = 23 + 72 = 1 to be coordinates of the unit
three sphere S3. It is clear that from its definition that ¢ maps S3 uniformly onto itself. Thus, the
integrand appearing in the formula for the winding number, using the formula (4.4.7), will not depend
on the point on S? where we evaluate it. We define the north pole of S to be the point with the
coordinates
N = (x4,21,29,23) = (1,0,0,0).

Thus the variation of ¢!"(x) at the north pole is only in the transverse space of x4. Consequently,
{0:};=1 2,3 can be identified with the {z;},_, , 3, coordinates of 53 in the neighborhood of the north
pole. Thus, we have

gV (@)D" (2)| = (wa+iE - 3)O(ws —iF -5,

TN
= —io.
Now, insert these results into (4.4.7) to obtain
1 g o
V|0 = 512 7{d91d@gd@gﬁ”ktr[(—i)ga%]ak],
= _i24772 6trloto?o?] j{d?’ﬂg,

1 (i 0.,
——’L4ﬂ_2tr<0 1,>27T’

= V‘g(l) =1.

This is indeed what we expect to get for the winding number of the identity map since it wraps the
sphere once. Now given two integers v1, 1o we want to evaluate the winding number of a general map
g = gV g2). By a continuous deformation of the maps g1, ¢*2) we can define g™’ and g2 such
that
5 () = {g<w><x> if 24— ¢ >0,
1 if x4 +€<0;
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0 1 if 4 —e >0,
g+ (z) = .
g2 (z) ifxg+e<O.

The hemisphere defined by 24 — € > 0 can be chosen to be the northern hemisphere of S and denoted
by S]‘(’;,. In contrast x4 + € < 0 is chosen to be the southern hemisphere and denoted Sg. By definition
the map g = g2 is homotopic to g and since we showed that the winding number is homotopy
invariant, the winding numberu\g must be equal to V|§. Using the above argument, we have

1 1] ~(Vv ~(V ~(v ~ (Vv - ~(v ~ (v
Vgongen = 513 fgs d*Qaeftr [g0 g2 0;(g" g ) (G g ) X

8j (g(l’l)g(vz))*l (g(vl)g(lfz))ak(g(lq)g(%))*l] ,

1 . _ _ _
/3 d3936”ktr(g(”1>62-g<”1) 1g(V1)ajg(V1) 1g('/1)akg('/1) 1)
SN

= 24r2

1 - _ _ —
+ 542 /3 d*QzeFtr (02 ;g 1g"’2)8jg(”2) 1929, g2 1)’
SS

= V| gun) = V1 + V2.

This is sufficient to prove that ¢® has winding number v. Indeed, using this result iteratively, it is
straightforward to see that the map ¢’ = [¢”]” has a winding number v. Now there is no doubt that
the winding number formula given in (4.4.7) is correct.

We are now interested in relating the winding number formula to the field strengths F,,,,, as we did in
the toy model. To this end, define G, as

G = depupotr <Ayap,40 + ;AAI,APAU) . (4.4.24)

Recall that we are working in Euclidean space so that repeated Greek indices are summed from 1 to 4.
In terms of the group element g, we note that G, can be expressed as

4 _ _ _
G, = —wewpgtr (g&,g 196pg L9d,9 1) . (4.4.25)
Indeed, substituting the gauge field A, in (4.4.24) by %g@,,g_l, we find
4 -1 1y, 2o ~1 -1
G = sg€uvpotr | 9909 0p(90597") + 399979059 90597 | .

4 -1 ~1 1,2 5 ~1 ~1

= 2 Cuwpott 90vg 0p9059 " + 90,0,9 " + ggag 90,9 90597 |,
4 _ _ _

= _WGMWWU (gaug 198,09 19809 1) .

The passage to the last line has used the fact that €,,,00,0, = 0 and 9,9 = —g(9,g~1)g. It is also
useful to show that

1 2
G = 26 potr <A,,)\}'po - 3>\AZ,APA(,> . (4.4.26)
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Starting from the right hand side and recalling the definition %]—"pg = 0pAs — 05 Ay, + N A,, As] yields
1 2 2
2€potr <AV)\J-",)U - 3/\AVAp.AU> = 2€potr <AV8PAU — A 05 A, + NAL[Ay, As) — )\3AVAPAU) ,
A
= 4d€upotr (.A,ﬁp.Ag + AL AA, — 3A,,ApAg> ,

2
= 4Elu,po-tr (.A,,@,)Ag + BAAVAPAO'> y
=G
By analogy with (4.3.4) we introduce the unit vector 7, normal to the surface of S3, so that
v=N ¢ d’Sf,G,. (4.4.27)
S3

If we return to the expression for G, in (4.4.25), and note that the product dSSquu is nothing but

an interior product between a vector and a 4-form, it becomes clear that the factor N in the previous
. 2

expression must be equal to —=2—. Indeed, we have

3272
)\2 3 oa A2 4 3 -1 —1 -1
V= ~39.2 ?ésgd St,G = _3271'27{ <—3)\2> d°Se,potr (g&,g 90,9 09 ),
1 _ _ _
= 552 %ngeymtr (g@,,g 1gapg Losg 1)
Thus, we have an alternative expression for the winding number
v=— X }[ d3S#,G (4.4.28)
TR a
This integral can be turned into a volume integral using Stoke's theorem and thus
A2 4
V=5 /d x20,G, (4.4.29)
)\2
- / L ppotr (40, 4,0, A5 + 8N AL AV Ay) (4.4.30)

The passage to the last line has used the expression for G, in (4.4.24). Consider the expansion of the
product eu,,p(,tr(ﬁ}"w,fpo) in terms of the gauge fields.

1
GWpfftr(ﬁfWFpU) = ewpatr((auAV — Op Ay + AN A, A)) (0p A5 — 05 A, + A[A,, Ao])v
= eWpUtr(ZlauAyapAg + 88X ALA A + )\2AMAVA,JAJ).

The last term of this equation vanishes because of the cyclicity of the trace plus the antisymmetricity
of the tensor €,,,,. Indeed, we have

€nvpotr(Ap AL ApAs) = €vpoptr(AvA, Az AL),
= evpoutr(ApAL A, A, ),
= —€ypuotr (A AL A, AL),
= eyppotr(Ay AL Ay A, ),
= —€upotr(A AL A AL),
= 0.



Section 4.4. G = SU(2) in 4-dimensional Euclidean Yang-Mills Theory Page 97

The passage to the second line has used the cyclicity of the trace. We have also made use of the
fact that €, is completely antisymmetric. Finally, the winding number formula, in terms of the field

strengths is
1

3272

Note that field configurations with different winding numbers can not be deformed into each other while
keeping the action finite. Indeed, this follows because the winding number is invariant under any gauge
transformation of the field configuration on the sphere S3. Thus to change the winding number we
must perform a transformation that is not a gauge transformation, implying that F,,, no longer vanishes
as we go to infinity.

vV =

/d4x€uupatr(fuufpa)- (4431)

In the following discussion, we are interested in a general gauge group. We keep the space dimension
fixed to D = 4. Recall that in (4.1.9), an element g of the gauge group G vyields a field configuration
on the surface of S2., of the form

1 _
A,u = Xgaug !
where ¢:8% = G.

Thus, the homotopy class that we are interested in becomes 73(G). This is the homotopy group of
mappings from S3 into the Lie group G, which is by definition a manifold. It is useful to recall the
following definitions:

- A simple Lie group is a connected non-Abelian Lie group such that its only normal subgroup is
the trivial element {1.}.

- A simple Lie algebra is a non-Abelian Lie algebra whose only ideals are {04} and itself. A direct
sum of simple Lie algebra is called a semi-simple Lie algebra.

- A general compact Lie group is the direct product of an Abelian group and simple groups. The
following group product is an example of a general simple Lie group: SU(2)®? ® SU(5), where
qe’.

The results that we have derived for the gauge group G = SU(2) are valid for any simple Lie group G.
This is due to Bott's proof that any continuous mapping : S — G can be deformed into : S3 — SU(2)
where SU(2) is a subgroup of G. In particular for SU(n), it is straightforward to see that the entries
of 2 x 2 blocks in su(n) are the elements of su(2). Thus, by embedding SU(2) in SU(n) the result
seems quite natural.

Now, 73(U(1)) = {lg}; this must be true because the only possible way of mapping a sphere S* onto
a circle is by mapping all the points on S onto one point on the circle. Hence the contribution of
the Abelian factor of a compact Lie group always gives a winding number 0. However, due to Bott's
result, each non-Abelian factor of a general simple Lie group must carry a non-trivial winding number.
For example the homotopy group m3(U(1)*F @ SU(2)®?® SU(5)) has winding number (v1,...,vq, v).
Consequently, 73 (U (1)®? @ SU(2)®? @ SU(5)) is isomorphic to Z4+1,
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4.5 Evaluation of the path integral

We now want to carry out the semiclassical evaluation of
1 4 v
— L [ d*aF, FH
/DAMe ax .

Due to the gauge invariance of the theory, we have to choose a gauge fixing condition for the evaluation
of the path integral. We will use axial gauge defined by A3 = 0. This gauge fixing condition is chosen
because any non-singular field configuration can be put into axial gauge with a non-singular gauge
transformation. As a consequence of gauge fixing, we need to include the Faddeev-Popov determinant
in the path integral. Again we will evaluate this determinant by converting it into a path integral over
ghosts fields. For an element of the gauge group g € GG, we recall that the gauge transformation of the
field is

_ 1 _
Al =gAug " + Xg@g L

Thus, using the axial gauge fixing condition, we have

SF(A,)  dg 1 dg7t 16 1
T = aAsg + XgA?’W + Xa(ga?jg )s
Y
= Xa( J3g™ 7).

This last line tells us that the Faddeev-Popov determinant is independent of the gauge fields A,,. Thus,
in this gauge the integral over the ghost field in the path integral can be absorbed into the measure
DA,.

Now, we want to show that any non-singular field configuration can indeed be put into axial gauge with
a non-singular gauge transformation. Since the computation which follows is quite intricate, it is useful
to summarize it in words. We will start by introducing a Wilson line. We show that the Wilson line
satisfies a simple differential equation and using this differential equation we find the transformation law
for a Wilson line under a gauge transformation. Armed with these results we write down a non-singular
gauge transformation that moves us into the axial gauge. To this end, consider the Wilson-line defined
by

dzt

Ua(s),y) = P [exp (—/\/OS as“ AZ[x(s’)]T‘I)] 7

where P is a path ordering notation defined as follows

P(O(5)0(s')) = { g
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This looks very similar to the time ordering notation of quantum mechanics. Accordingly, it is straight-
forward to see that the derivative with respect to s of the Wilson-line satisfies the differential equation

LU(s),0) = AT ATV () ), (45.1)
= % (O + AN [z(s)])U(2(s),y) = 0. (4.5.2)

Noting that the operator in brackets in the last line above is the covariant derivative, D,, = 0, + A\ A,
in Euclidean space, we have

— Dy (AU (x(s),y) = 0. (4.5.3)
The transformation law of the covariant derivative is
Dy, (A,) = g(x)Du(Au)g™ ().
The gauge transformation of the Wilson-line is given by
U'(a(s),y) = 9(2)U(2(s), )9~ (y). (4.5.4)

This can be proved by plugging the two last equations above in the differential equation that U satisfies.
Indeed, we have

C%DL(«‘lL)U’(ac(s),y) = % (9(2)Du(A) g~ (@) (9(2)U(2(s), )9~ (1),
= o) [ % D, (AU (61 0) 57 =

Thus, U'(z(s),y) satisfies the correct differential equation; moreover for g = 15 we have the identity
U'(x(s),y) = U(x(s),y). This prove that (4.5.4) is correct.

Now let P, be the path generated by the tangent vector in the 2 direction. Thus we have

dz# 0 wp#3,
— = 455
ds { #0 pu=3. ( )
(I17I2707I4) (x17x27x37x4)
o —t—F—+—+—+——"0
s—0 s s=1
A Wilson-line can be defined as
® /dx/u‘ /
g(Py) =Pexp|—A [ ds 75 Ay (z(s') ). (4.5.6)
0

From the definition of a Lie group, we note that g(P,) is an element of the gauge group G. Now,
perform a gauge transformation g(P,)~! using (4.5.4) to obtain

9(Pe) = ¢'(Po) = g7 (Pa)g(Pe)g(Pn 42,0.44))
— 1.
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The passage to the last line has used the fact that g~ !(P,)g(P,) = 1¢g and the definition of g(P,)
evaluated at s = 0. In the new gauge

d , dat /
L Py = -2 (al)g (Pr) =0 (457)

In other words, any non-singular field configuration can be indeed put into axial gauge with a non-singular
gauge transformation.

In order to complete the evaluation of the path integral, we also need to fix the boundary conditions.
We will work in a finite box of volume V'T', where V is the three dimensional spacial volume and T is
the Euclidean time. We will take V,T" — oo at the end. This will help us to understand how things
depend on the boundary condition in the limit V. T — co. The boundary conditions that we will use
are those for which the surface terms arising in the derivation of the equations of motion vanish. The
surface terms in the variation of the action are derived from

65 / d*otr(9,0 A, F1),
_ / 20, tr(5 A, FH) — / drtr(5.4,0,F).

The passage to the last line has used an integration by parts. Using the divergence theorem, the total
derivative term in the above equation is turned into a surface integral equal to

/ d*Sn,tr(8A,F*).

The normal components to the surface of A, do not contribute because they are parallel to the vector
ny, implying that n,A, is symmetric. The contraction of the antisymmetric 7*¥ with n,d.4, must
then vanish. Accordingly, the only relevant components of the field A, are tangent to the surface.
These are indeed the only components of A, that we need in the evaluation of the winding number.
The gauge fixing condition A3 = 0 must be satisfied by the tangential components and the boundary
condition must yield a finite action as the box goes to infinity. For finite action, the field on the walls
of the box is given by

1 -1
A, = Xgaﬂg .
Using our gauge fixing condition, we must have
1
<9039t = 0.
)\9 39

This implies that 039 = 0, in other words g is only a function of 2!, 2% and z*. Notice that we are still
free to perform 23 independent gauge transformations. To specify A,, on the boundary of the box we
need to specify g(z!, 22, 2%). Consider a gauge transformation which sets g| s_, = 1.

X

A 22 =0
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Because of the gauge condition, d3g = 0 so that we have g = 1 on all sides of the box except on the
side with 3 = L3. Thus, the full boundary condition is fixed by specifying g on the upper side of the
box at 23 = L3. The following theorem will help us to understand the field configuration inside the box.

Theorem 4.5.1. If boundary conditions g1 and go are in the same homotopy class, then any field
configuration with boundary condition g1 in an original box can be extended to a field configuration
with boundary condition gs in a new box, consistent with the boundary conditions and As = 0 at the
cost of an increase in action of %. For a definition of what we mean by the old box and the new box,
see Figure 4.6

5173,}
g2
r3 = L3+ A
I3 — L3

I3 —

Figure 4.6: g; gives the boundary condition for the field configuration in the original box. g2 gives the
boundary condition for the field configuration in the bigger box. A is the size of the increase of the
length of the side of the original box.

Proof. Let g1 and go be two mapping in the same homotopy class. The relevant homotopy obeys

g s=0,
g2 s=1.

g(.%'1,$2,8,$4) = {

Since g1 and g5 are respectively defined on 0 < x3 < L3 and L3 < z3 < L3+ A, the argument s of
the homotopy g can be defined to be s = 13%‘1:3, thus

x3 — L3

A ?$4)'

g(w1, w2, 5,24) = g(21, T2,
It is clear that the field configuration A, = %g@ug_l extends the configuration from the original box
into the new box. However, this extension does not preserve our gauge choice since A3 # 0. To

390u9~" 3

x9oud w73, This extension has Az = 0 but
0 w=3.

is not pure gauge. Now, a perform a gauge transformation g~!. We have

overcome this define another field such that A, =

[ Goa ) o 00 =0t
st ©=3.

The vanishing of the first case uses the identity (’Lg‘lg = —g‘laug. Since the dependence in x3 of the
mapping g is of the form %, we know that A5 = g 103g(z1, 72, x3£L3,a:4) must be proportional to
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%. Accordingly, we have tr(F,, F"") ﬁ. But the integral over the volume of the extra box produces
a factor of A in the numerator. Thus, finally the total increase in the action has the form

1 1 1
d4a:tr(]:W}"“l’) x A— =

SA B m extra vol A? Z

O

This proves that for a very large box, we can ignore the boundary conditions and simply integrate over
all configuration with winding number v = n. For a given winding number, consider the transition
amplitude between some initial configuration and final configuration

F(V,T,n) =N / DAIDAYDAe™ %6, (4.5.8)

Note that the initial and the final configuration are determined by the detailed boundary conditions that
we impose on the fields. In general this transition amplitude must satisfy the following identity

F(V,Ty + Tp,n) = > F(V,Ty,n1)F(V, Ty, ng). (4.5.9)

ni1+no=n

This formula is the discrete convolution of two transition amplitudes with different winding numbers. It
is clear that (4.5.9) is not a vacuum to vacuum amplitude. In fact, our analysis of instantons in quantum
mechanics in the first chapter showed that F is proportional to e #7, where E is the vacuum energy
and T is the Euclidean time. Accordingly, the product of two transition amplitudes must be a product
and not a convolution as in formula (4.5.9). The only way to resolve this issue is to work in the Fourier
space dual to the winding number. Indeed, the Fourier image of the convolution of two functions is the
product of the Fourier images of each function. Now, the discrete Fourier transformation is written as

F(V,T,0) = ™ F(V,T,n). (4.5.10)

(4.5.9) now becomes
F(V,T1 +13,0) = F(V,T1,0)F(V,T3,0). (4.5.11)

This is now consistent with the expected structure F o e #7. One dramatic consequence of our
argument is that the theory has many vaccua, labeled by 6. Now, using the definition of the transition
amplitude and the above discussion, we have

F(V,T,0) = (fle""716),
— N//DAuesewsz’

_ N’/D.Aue_sﬂ%e”.

From this last equation we see that the net effect of instantons is an additional term in the action

, 0
12mly = _16771' d4x€ul/paful/fp0"
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We will now describe a dramatic simplification in the task of constructing instanton and anti-instanton
configurations. Let S, be the action of an instanton. By definition, S, is an extremum of the action.
Define the dual field strength .FW = eu,,pg]:pg In terms of the dual field strength we write

1 1 . 3
S= 1z / dratr(F o Fu) = oY ( / d*atr(Fuw Fuw) / d4a:’tr(]-"W}"W)> , (4.5.12)
> 2/\2 /d xtr(.?’-'w,]:#,,) = e /d4:cew,pgtr(]:w,]:pg) , (4.5.13)
2 2
= S> 8%,,,, = 8, = 8%. (45.14)

It is straightforward to see that field configurations with fixed winding number are an extremum of the
action if and only if the field strengths satisfy

1
f,uzz = iiepypofpg- (4515)

Fields obeying this equation are known as dual or anti-selfdual field configurations respectively. Note
that this is a first order partial differential equation. The equation of motions derived from Euler-
Lagrange formalism are second order partial differential equations. We know that solution to (4.5.15)
will solve the Euclidean equation of motion. The solutions with v = 1 have the smallest action. Using
steepest-descent method, these are the only relevant solutions that we need in the semi-classical limit.

Now, we are interested in the evaluation of the transition amplitude for n instantons and 7 anti-
instantons by computing the path integral using the steepest descent method. In order to do this, we
will again assume a dilute instanton gas. In other words, we assume that there is no overlap between
field configurations of different winding numbers. Since we have already carried out this calculation in
quantum mechanics in chapter two, we simply give the result. We have

27 T n+n B
0le=7T16) /O dQZ Ke™5o)n (anzﬂ ei2r(n=n)f (4.5.16)
21
:/ d@exp(QKVTe_S"cos(27r0)) (4.5.17)
0

Hence, after identifying the argument of the exponential the vacuum energy density is given by

E®)

Vo= —2K cos(2mf)e . (4.5.18)

By translation invariance the vacuum expectation value (VEV) satisfies

1

VT /d T (0€vpo F v Fpo|0),

B 327’1’2 Vf'DAuefS+i27r1/9
VT fD.A e—S+i27w6 ’

_ i16m 0 —S+i27v0
VT 3:9 (/DA

1
= Zvﬁjir% (—ZKVTe_S" cos(2m0))

= —i64m>Ke % sin(2n6).

(O1€wp0 FruvFoo|0) =
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The passage to the last line has used the result found in (4.5.17). The 6 dependence in the VEV is firm
evidence that 0 labels distinct vaccua. Note also that our result is independent of V,T" as expected.
Finally, the VEV must be imaginary in Euclidean space so that after Wick rotation z4 — ixy the VEV
is real in Minkowski space. Indeed, we have

T4 — ixo = .7:3'4 = i.;’:jo.

= euypofuufpa = Z Sign(U)fa(l)a(Z)fo(?))cr(ll)7
0€Sy

=1 Z Sign(0) Fo(1)o(2) F o (3)0(0)

ogESy

Using the expression for the vacuum energy given in (4.5.18), it is straightforward to see that the v > 1
solutions are not needed for our semiclassical calculation. Indeed, the dilute instanton gas approximation
implies that you know the v > 1 solutions as well as needed. To see this, recall that the action of a
single instanton is

872
SO - V (4519)
The bi-instanton action is at least double the value of S, and thus
872
S = 27. (4.5.20)

It follows that the vacuum energy density becomes

E(6 /

‘(/) = —2K cos(2m8)e " — 2K’ cos(4mf)e .
We can already see that the bi-instaton term is exponentially damped. This implies that the effects of
all the higher instanton number (v > 2) configurations are negligible compared to the contribution of

the single instanton configurations.

4.6 Instanton solutions for Euclidean SU(2) Yang-Mills theory

In this section we will set the coupling constant to 1 in order to simplify our discussion. Start with the
basic solution for a single instanton i.e. winding number v = 1. The solution for a single instanton for
the gauge group SU(2) in 4 dimensional Euclidean space has been found by Belavin, Polyakov, Schwartz
and Tyupkin [17]. The solution has the form

v -1 2 =2
R T 1g<1)8“[g<1)] ) gV = — Tt =x+ 2. (4.6.1)

Note that this solution is consistent with the behaviour of the potential field as a pure gauge field on
the three sphere at infinity

Ay — gV 9ulg™] 7

r—00

The solution given in (4.6.1) gives an instanton configuration with size normalized to 1. It is straightfor-
ward to see that this solution is not invariant under translation. The translation transformation will give
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us another solution with the center of the instanton translated. In addition, (4.6.1) is not conformaly
invariant. Indeed, the scaling transformation z, — % yields an inequivalent solution

1'2

"=y pQg“)@#[g“)]_l. (4.6.2)

The size of the instanton has been rescaled to p. We have thus identified five parameters which label
different solutions. These parameters describe the center and the size of the instanton. We will now
argue that our solution is invariant under rotations. The z? dependence is unchanged under a rotation.
Under a rotation g* transforms as

gV — ggMht,  g,h € SU(2) are constant matrices.

To understand this formula, recall that SO(4) ~ SU(2) ® SU(2). In summary, under a rotation our
field transforms as

X _ _ _
A, = 9919, (h[g™M] g,

Hence, a rotation is equivalent to a constant gauge transformation. Since the SU(2) gauge group has
3 parameters, constant gauge transformations generate 3 additional parameters which label different
solutions. The next transformation that we will discuss is inversion. Our discussion follows [18, 19].
The coordinate transformation implementing an inversion is given by

Ty

T, —> T, = —=.
© )

The transformation matrix I, associated with this transformation is

9 07, 0 .
D, w0z, On = L

Accordingly, we have

x2 zd
1 Ty
22 (6’“/ 2 2 )
Thus, under inversion
A, — AL = 1A, (4.6.3)
_ 1 LpLy a? ey (-1
- <5uy—2 5 ) 3000 (4.6.4)
1 T,x
_ (1) (-1 _ BV (1) (1n1—1
= 1 (900l = 275520, ) ). (4.65)
1
_ g™, [gM] 1. (4.6.6)

2 +1
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The passage to the last line has used the fact that z,0,¢9) = 0. To see this, note that by dimensional
analysis we expect z,,0, r%, with 72 = 23+ 7. 7. Indeed, the following example in two dimensions
is in agreement with this simple argument.

x = rcos(0) y = rsin(0),
L0 0 wo
or  orox  Ordy’

0 ) 0
= COS(Q)% -+ Sln(e)@,
= lfﬁ = :E"ﬁzrg.
r or

We can also say that z,,0, is related to the directional derivative in the direction of z, which points
radially. Hence 2,0,9%V = 0 = z,0,[¢g"V]~!. The gauge field found in (4.6.6) is the solution for an
anti-instanton of winding number v = —1. It turns out that the behaviour of the anti-instanton on the
surface of the three sphere at infinity has been lost. However, if we perform a gauge transformation of
(4.6.6) by U = [¢gV]~! we will correct this feature. Performing the transformation we find

Al — T UgMo,lg Ut +Ua, U,
1 ~ _
= 7520l g + 19V 0ug
.’L'2

— e g,

This proves that there is no new parameter generated by inversion. Moreover, since the special conformal
transformation is a combination of translations and inversions, we will not find new parameters from the
special conformal transformation of our solution. We can therefore conclude that the total number of
parameters for a single (anti- or) instanton is 8. There are exactly 5 parameters for the center and size
of the instanton and 3 parameters associated to constant gauge transformations. Consequently there
will be 8 zero modes, one associated to each parameter.

We will now demonstrate in detail that single instanton and anti-instanton solutions are invariant under
rotations. A small generalization would extend the argument to special conformal transformations. To
start off, recall the 't Hooft ansatz for the field strength

4i
(1+a2)27m

where 0, are defined to be antisymmetric and satisfy

Fup =

oij = _i[Ui’Uj]’ o; are the Pauli matrices;
1
Oi4 — 50'1'.
These field strengths are selfdual. Indeed, quick calculation shows that o, = %e#mgaa[g. By definition,

we have

0125—;[01702]:;i[((1) (1)><(3 _OZ)_<(Z) _02><(1) (l)ﬂj
7o b
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Now, we compute

1 1.1 1 1

5612a50a5 = 5(561234034 + 561243043) = 503.

Proceeding in this manner we could verify that 0, is indeed selfdual. Starting from the selfdual solution,
it is straightforward to see that the anti-selfdual solutions are given by

49
’F/“/ = mguy,
Oij = Oij
_ 1
04 — *50'1‘.

Recall that the above solutions for selfdual and anti-selfdual field strengths correspond, respectively, to
a single instanton and anti-instanton. For simplicity we consider gauge group O(4) ~ SU(2) x SU(2)
which allows us to pair the instanton with the anti-instanton into a single configuration. To this end,
we define

41
Fuw = mzw, (4.6.7)
where 3, is defined in terms of Dirac’s matrices as
—1 o 0
S = —lai, o] = ( 0 >,
o — 0 oy o — i 0 —1
"\ o0 ) M1 0 )¢
Next, it is easy to see that (4.6.7) can be derived from the gauge field
—21
A,u = mzuy.fy. (468)

Under an infinitesimal rotation of parameter w®”, the change in the coordinates is 7, — 2, — WyaTa-
Consequently, the net effect of the rotation on the field strength is given by

43

(sfuy == m(wua

Yav — Wupzpu)- (469)

However, an O(4) gauge transformation U = ¢~©, © = lw,,0,, transforms F,, into UF,,U~! and
thus the variation at first order in © of the field strengths is

6FMV = i[eafuu]7 (4610)
44

For the equation (4.6.11), we must again pair the selfdual (instanton) and anti-selfdual (anti-instanton)
field strengths so that the gauge parameter © will be, after including &, proportional to 3. After
doing so, it is trivial to show that (4.6.9) and (4.6.11) can cancel each other. In conclusion, for any
rotation of parameter w"” there is some gauge transformation U € O(4) such that the total net effect
of these two transformations in the field strength is zero. This is why rotations do not produce zero
modes of the instanton and anti-instanton. After a mild generalization one can show that for the special
conformal transformation, i.e. inversion plus translation, the invariance of the field configuration is also
accomplished by a gauge transformation.
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4.7 Degrees of freedom for n instantons

In this section we determine how many parameter label solutions describing n instantons. Naively, since
single instanton solutions are labeled by 8 parameters, we expect that there should be 8n parameters
labeling solutions for n instantons. Indeed, we will show that in general, there are 8n parameters labeling
the n instanton solutions. Towards this end, we recall the Witten and 't Hooft solutions for any arbitrary
instanton number n for the SU(2) gauge group. The gauge field ansatz for a selfdual solution is

A, =ioa, (4.7.1)
where the vector field a* can be derived from a scalar potential p,

a, = 0, Inp. (4.7.2)
Accordingly, the selfdual equation F,, = %ewag}"aﬂ is reduced to

;8u8“p ~0. (4.7.3)

For a given winding number n, a general solution of (4.7.3) has the form

n+1 )\2
_ — 4.7.4
=P (47.9)

The right hand side of this equation seems to contain 5(n + 1) parameters for the positions and sizes of
the n instantons. However a common rescaling of the size of instantons leaves a,, unchanged reducing
the number of parameters to 5n + 4.

Now, consider a small variation for the gauge field
Ay — Ay +0A,.
Based on the expression for the gauge field given in (4.7.1), the most general form for this variation is
S A, = i005X, ", (4.7.5)
where Xuaﬁ must be antisymmetric and selfdual in the indices 3. This requirement reflects the fact

that o, is selfdual and A, is antihermitian. Since X3 is antisymmetric in a3, for each value of the
index p, there are @ = 6 independent components for each p. The selfdual condition reduces this
number by a half. Thus, in total X, has twelve independent parameters. In addition, because of the
gauge invariance of the small variation of A,,, we need to subtract the number of the generators of the
gauge group SU(2). Finally, there are nine independent components of the matrix X,,,5. The explicit

form of the small variation of A, in terms of the superpotential is
o
S A, = iou,d” L. (4.7.6)
p
Putting (4.7.5) and (4.7.6) together, we can set

5
A, = 00" L 4 ipoad, Y, P (4.7.7)
P
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where Y),,,o3 must inherit the properties of X,,,3, must satisfy the selfdual condition in the uv indices
and is subject to the condition
Y, =0. (4.7.8)

Together, (4.7.7) and (4.7.8) imply that the number of independent functions is nine. Next, decompose
Y,ap into symmetric, traceless and antisymmetric part as follows.

Yuyaﬂ = S,uz/aﬂ + Auuaﬂy

where

Suuaﬁ = Soeﬁum
A;wa,@ = *Aaﬁuua

It is straightforward to see that we can write

1
A,uuaﬁ = Z(éuavuﬁ - 5VO¢V;LB - 5#6‘/1/04 + guBVua)a

where V3 is antisymmetric and selfdual. Following the arguments of Jackiw and Rebbi [20], one finds
that a small variation of the selfdual equation 6.F,, = %6uya,35fa/3 implies that the symmetric part of
Y, wap satisfies

0,0 Svap = 0. (4.7.9)

All non-trivial solutions of this equation have singularities which cannot be removed by gauge trans-
formations. Indeed, there is no symmetric tensor among the possible parameters of the gauge group.
Thus, the only physically meaningful solution of (4.7.9) is S,,,a3 = 0.

When the symmetric part of Y},,,3 vanishes, it has been shown in detail in [20] that singularities that
arise from V,,, can be removed by gauge transformations. The self dual condition written in terms of
dp and V), are

N pV, =0,
INOp +2pd, V0" p = 0.

The solutions of these equations for n instantons are

1 n+1 kz
Vi =— —
- p; (z —y')?

dp(x) = /d4a;’47r2($1_x/)2(2p8MV“V6”p)(x/) +dp(x),

where the kf“,'s are constant antisymmetric and selfdual matrices and dp is the harmonic variation of
p(x). These solutions have 8(n+ 1) — 1 — 10 = 8n — 3 physical parameters. Adding back 3 parameters
for global gauge transformations we finally obtain 8n parameters as we expected.
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4.8 Integration over the scaling zero mode

In this section we will focus on the single instanton solution and we will discuss the integration over
the zero mode corresponding to the size p of the instanton. To begin with, return to the number K in
(4.5.18) given by the square root of the product of eigenvalues of a certain partial differential equation.
We note by dimensional analysis that

2 o
E‘(/e):Acos(QTrH)esﬂ)\lg/o ;jg (op0). (4.8.1)

The factor A is a constant of proportionality while cos(276) reflects the 6 dependence of the vacuum
energy density. The exponential factor is the action of the single instanton. The factor % arises because

the integration of each zero mode parameter is accompanied by a factor 2€roh’ with S, = 8}\%2, where
A is the coupling constant. Next, since the size p of the instanton has length dimension, the function
f in the integrand must be dimensionless. This is achieved by setting, the argument of the function f
to be proportional to pu, where p is the (renormalization group) energy scale so that the product pu is
dimensionless. To continue, we need to determine the expression for the function f. From the running

coupling, the dependence on p of the coupling is given by, [21],

dA 11
dlog() B, where [ 9.2 (4.8.2)
Integration of this equation is straightforward. The result is
)\2
A2 ° where ), is a constant of integration. (4.8.3)

T 1+ 2X261 log(p)’

Now, we compute

2
= Sy (233 log ()

e Az
U A8 ’
[1 4 2X201 log(p)]*
871'2
e—guq&r?ﬁl 4
=T (142281 log(p)) ",

A
L& M—16w2,61

Since (4.5.18) and (4.8.1) must not depend on i, we read from this result the form of the function f

Flpw) = (pp) ™5 (4.8.4)

Hence the final expression of (4.5.18) must be of the form

8n2
E(0) cos(2mh)e” 2T /°° dp 1672
=A e T R 4.8.5
u o [ ) (485)

Now, if we plot the expression of the coupling given in (4.8.3), we will have the following profile.
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Figure 4.7: Profile of the coupling A in terms of the energy scale .

We read from this figure that the theory becomes strongly coupled as we get closer to the IR. In contrast,
in the UV the strength of the coupling goes to zero.

Now return to the zero mode integral, (4.8.5). Since 16723; > 5, the p integral does not converge.
The divergent contribution comes from large p portion of the integral corresponding to instantons of a
very large size. This is the IR regime of the theory. In this regime, the effective coupling is large and
consequently we can't trust our semiclassical computation. This is often called the infrared problem.
This is disappointing, since it prevents us from completing our semi-classical computation.

4.9 ADHM construction

We have seen the 't Hooft solution for the selfdual field strength equation, for one instanton, for the
SU(2) Yang-Mills theory. The clever insight in 't Hooft's ansatz is to form selfdual (or anti-selfdual)
tensors of order two, from the three Pauli matrices. Based on the one instaton solution, Witten and 't
Hooft were able to obtain any higher instanton number solution for gauge group SU(2). Despite this
success, the construction of instantons in general, for a gauge group that is not SU(2), is not possible.
Accordingly, one needs to find another way of solving the selfdual field equations, preferably one that
does not rely heavily on the choice of the gauge group.

One method is the ADHM construction. The name ADHM stands for Atiyah, Hitchin, Drinfeld and
Manin. The power of the ADHM construction is that it obtains field configuration solutions to the
selfdual field equations from algebraic matrix relations plus some constraints attached to the matrices.
To begin, we will review the instanton solution for the SU(2) gauge group using the ADHM construction.
Then, we will discuss the ADHM construction for the orthogonal gauge group O(n). Following this, we
will use the ADHM construction for O(n) to extend the method to SU(n) and Sp(n) gauge groups.
Finally, we will also prove the completeness of the ADHM construction by reversing the argument i.e.
starting from a known selfdual field configuration we will reconstruct the matrix relations which are the
starting point of the ADHM construction.

4.9.1 ADHM construction for SU(2). The basic language of the ADHM construction relies on the
use of a mathematical object called a “quaternion”. In fact, we have already seen a quaternion when
we introduced the mapping ¢ (x) = x4 + iZ - & as the standard mapping needed to obtain the higher
winding number maps. The quantity, x = x4 +iZ - &, is known as a quaternion. More explicitly, for any
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(x1,x9,x3,24) € R?, in terms of the Pauli matrices plus the identity matrix

01 0 —i 10 10
01:(1 0), 02:(2, OZ>, 03:(0 _1>, 04:<0 1>, (4.9.1)

a quaternion z is by definition the following 2 x 2 matrix

(4.9.2)

e T4 +ix3  T9 +1x1
T =1L 0 + X404 = .

—X9 + 1T T4 — 173

A quaternion can be understood as an element of a four dimensional real vector space with basis vectors

.....

Recall that the single instanton solution for the gauge field has the form

’r'2 _

We also recall that all possible mappings with different winding numbers were obtained from powers of
the mapping g®). Thus, it is clear that the mapping g plays a central role in the ADHM construction.
We now show that finding the solutions of the selfdual equation

1
‘FNV = 56,&1/(15]:0157 where fuy = 3W4y - 81/Au + [A;MAV]a

is equivalent to solving certain algebraic equations.

To begin with, define a (1 + k) x k matrix M (x) whose elements are quaternions. Concretely, all the
entries of the matrix M are decomposed into the basis {7,} as

M;; = Myijta + My + Moo + M3i;73. (4.9.4)

The number k defining the dimension of the matrix M is the instanton number. The dependence of M
on the quaternion z is
Mi (a:) = Bz‘j — Cl].%' (4.9.5)

The matrices B and C are defined to be constant quaternion matrices. In addition the extra condition
that we want the matrix M to satisfy is
MM =R, (4.9.6)

where R is required to be a real and invertible £ x k& matrix. Knowing that the Pauli matrices are
Hermitian (so that 7;|,_, 5 4 are anti-Hermitian), it is clear that the entries of the & x (1+k) dimensional

M matrix are
M, = Myjim — Majimy — Majims — Myjirs (4.9.7)

To construct the selfdual gauge field A, (x) we also need a quaternionic matrix N(z) of dimension

(k4 1) x 1. N is a quaternion column vector of dimension k 4+ 1. The constraints that we need N to
obey are the followings

Ni(z)M(z) =0, (4.9.8)

NTN - ]].2><2. (499)
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The constraint (4.9.6) implies that the rank of the matrix A must be at least k. Thus, the matrix
relation in (4.9.8) admits a definite non singular solution for N(x). (4.9.9) is the normalization of the
solution of (4.9.8). From the definitions above, we now define the gauge field as

A, = N'9,N. (4.9.10)

This gauge field, a 2 X 2 matrix, is an element of the su(2) Lie algebra. Consider for example the case
where k = 1. This is a single instanton solution. The vector N(x) turns out to be proportional to the
quaternion z = g(l). Thus, we have

Ay o g 0ulg™] 7

It is also straightforward to verify that the gauge field defined in (4.9.10) is an anti-Hermitian 2 x 2
traceless matrix. This is indeed an element of su(2).

Now, plugging the expression for the gauge field in (4.9.10) into the definition of the field strengths, we
obtain

Fu = 0u(NT9,N) — 9,(NT9,N) + [NT9,N, N9, N, (4.9.11)
=9,N'o,N - 9,N'9,N + N'9,NN'9,N — NT9,NNT9,N, (4.9.12)
= 9,N' [n(m)(m) - NNT] BN — 0,N |11y — NNT} 9, N. (4.9.13)

The passage to the last line has used the normalization condition for N. It is straightforward to see that
the operator []l(kﬂ)(“l) — NNT] is the projection operator projecting to the k-dimensional quaternion
subspace orthogonal to the vector N. Indeed, quick calculation shows that

j= [1(“1)(“1) _ NN*] ,
_ [11<k+1><k+1> _oNNT+ NNTNNT} . because NTN =1,,.:
= |:]]-(k+1)(k+1) - NNT] |:]]-(k+1)(k+1) - NNT] 5
= P2

If we return to the relation (4.9.6) we can define the projection operator M TR~ M. Indeed, using the
associativity of the matrix product we verify that M R~'MT is a projector
(MR*MN)? = (MR'M"Y (MR M) = MR~Y(MTM)R™*MT,
= MR 'RR'M"= MR M.

Now, using the relation (4.9.8), it is straightforward to see that the two projectors defined previously
are equal. In other words
Lasmyaan — NNT = MR M. (4.9.14)

Using this identity, the expression of the field strengths given by (4.9.13) becomes
fﬂl’ - 8#NT |:Il-(k+1)(k+1) - NNT:| &,N - 8VNT |:Il~(k+l)(k+1) - NNT:| 8HN,
=9, NTMR'M'9,N — 9,NTMR'M'9,N,
_ i (@LMR_l&,MT - 61,MR_18MMT) N,

(4.9.15)
(4.9.16)
(4.9.17)
(

— Nte (TMR*TJ - TVR*T;) CTN. 4.9.18)
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The passage to the third line has used the identity E)MNTM = —NTc’?uM while the passage to the last
line has used the alternative definition of M in (4.9.5). Recall that the matrix R is real, so that it
commutes with the unit quaternion 7,. Hence the final expression of the field strength is

Fu = N'ICR™ (1,7} — n,7])CTN. (4.9.19)
It is straightforward to check that (TuTJ — TZ,TJL) is selfdual and satisfies the relation
THTJ — TZ,T); = idou,

where ‘
_ {_Z[Giaaj] p=1i, v=7j
O = ]
50 p=1, v=4

is the selfdual antisymmetric tensor defined in the ansatz of 't Hooft single instanton solution for SU(2).
Accordingly, the final compact form of the selfdual field strength in terms of o, is

Fuy =idNTCR 10, CTN. (4.9.20)

This proves that solving the selfdual field equation is equivalent to solving the matrix equation (4.9.8)
with constraints on the matrices N and M. Notice that the only gauge group dependence of the
matrices N and M appears in the dimension of the matrices. This observation will lead us to the
ADHM construction for O(n) gauge group.

4.9.2 ADHM construction for O(n). The central ingredients of the ADHM construction are the ma-
trices M (x) and N(x). For O(n) the matrix M (x) is defined to be a (2k+n) x k matrix with quaternion
entries. Again the number k appearing in the dimension of the matrix is the instanton number. The
definitions and constraints associated to the matrix M (x) that we gave above are unchanged. The only
change is that the dimension of the matrix is now (2k + n) x k. In particular, we still have the two
constant quaternion matrices B and C such that

1<i<2k+n,
[M(x)];j = Bij — Cijx, where {1 <<k (4.9.21)
We still require that the rank of the matrix M is k, so that the matrix R defined as
2k+n
R (Z M;ngl]) = R;;, where ¢ is a constant quaternion, (4.9.22)
=1

is invertible for any quaternion ¢ # 0. R denotes the real part of the complex number in the entries of
the matrix. By definition R;; is a real invertible matrix. Next, we define n real (2k + n)—dimensional
vectors N;| In fact, we can visualize N as a (2k 4+ n) x n matrix. The extension to O(n) of the

1<i<n’
condition given in (4.9.9) is
2k+n
NIN; = )" NIN; =65 (4.9.23)
1=1

NiT is the row vector transpose of the N; column vector. The additional constraints we impose on M

and N are
2k+n

> NiM; =o. (4.9.24)
=1
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Again, this relation is the natural extension to O(n) of the condition (4.9.8). In summary, the above
equations can be written as

NTM =0, (4.9.25)
NN =1,,.,. (4.9.26)
The requirement that N; is a real vector follows because the Lie algebra o(n) is a real vector space,

unlike the case of su(2). Ultimately this is also why we defined R;; to be a real matrix. Following the
same steps as above, we now define the gauge field

A, =N"9,N. (4.9.27)

It is straightforward to see that A, is indeed an element of o(n). Arguing as we did above we find that
the expression for the field strength is

Fuv = OuNT (Lo iy orsmy = NNT) N = 0, NT (Liapsnyxoniny — NNT) 9N, (4.9.28)
Again, we can use the condition (4.9.25) to show that
Lokt x 2h4n) — NNT = %(MTRflM).

Thus, we can carry out the same calculations as in (4.9.18) to end up with the following expression for
the field strengths

Fur = NTR [CR‘1 (TMTJ — Tur;) CT} N, (4.9.29)

— 4NTR (iCR_laWCT> N. (4.9.30)

This completes our discussion of the ADHM construction for O(n).

4.9.3 ADHM construction for SU(n) and Sp(n). The ADHM construction for gauge group SU(n)
and Sp(n) is easily constructed once we have carried out the construction for the orthogonal group
O(n). In fact, we can realize the SU(n) group as a subgroup of the orthogonal O(2n) group. Thus,
the solutions found for O(2n) can, with minor changes, yield solutions for SU(n). The case of Sp(n)
is very similar since it can also be realized as a subgroup of O(4n).

Since we have already set up all the ingredients of the ADHM construction for O(n), we will skip common
calculations in the next paragraphs. We begin with the SU(n) construction. The extra constraint that
we need to impose is that the real 2n x 2n matrix A, € 0(2n) acts as an n x n anti-Hermitian
A, € su(n) when acting on an n—dimensional complex plane. Thus the 2n real dimensions where A,
acts, are identified as the real and imaginary parts of Au- Accordingly, the dimension of the quaternionic
matrix M (z) must be (4k + 2n) x k. In addition, for the group SU(n), we require

JM(x) = T11(4k+2n)><(4k+2n)M<$)7 where J = < 0 1(2k+n>x(2k+n) ) . (4.9.31)

— 1 2kt n)x (26+n) 0
This extra condition for SU(n) is equivalent to choosing M (z) such that

M(z) = < 7%3(2) ) : (4.9.32)
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where M is a (2k + n) x k quaternionic matrix. We now recover the same conditions as for the O(n)
construction. Consequently the reality and invertibility condition is written as

R |M(q—7igr)M| =Ry (4.9.33)
)

Note that the matrix R on the left hand side must be a square k X k invertible matrix. Next, the
appropriate dimension for the n vectors Nj is (4k + 2n). If we work with the tilde vectors, we also need
to split each N; vector into two blocks of column vectors N of size (2k + n). It is straightforward to
show that the relation between the components of tilde vectors and the original vector must satisfy

- 1<i<2k+n
N;i = Ny — Ng; n)is o 4.9.34
J J (i+2k+n)j {Sjﬁn. ( )
Now, the algebraic constraints are
NTM =0, (4.9.35)
NN =1,.,., (4.9.36)
and the gauge field is 3 3 3
A,=N'9,N. (4.9.37)

The computation of the projector operator and the field strengths in terms of the matrix M are easy to
derive using the above matrix relations.

The ADHM construction for the Sp(n) group basically uses the same trick as for SU(n). The difference
is that for Sp(n) we introduce three (4k + 4n) x (4k + 4n) matrices J;|,_ 5 3 such that

J?

7

= _1(4k+4n)><(4k+4n)7 J1J2 = J3- (4-9-38)
Hence, we define the matrix M (x) of (4k + 4n) x k dimensions satisfying
JM =7 M, Jo2M =M. (4.9.39)

If we write the J; matrices in terms of (k+n) x (k+n) blocks, we can check that the following matrices
satisfy the algebra given in (4.9.38)

0 ]]-(n+k:)><(n+k) 0 0
Ji= | T Tesmxeen 0 0 0
0 0 0 Lntiyxnsry |
0 0 _:ﬂ-(n+k)><(n+k) 0
0 0 Linthyx(ntk) 0
0 O 0 -1 n n
J2 = _1 0 0 ( +6)X( o )
(n+k) X (n+k)
O ]]-(nJrk)x(nJrk) 0 O
O 0 O _]]-(n+k)><(n+k:)
J3 _ 0 0 _:ﬂ-(n+k)><(n+k) 0
O ]]-(n+k')><(n+k:) O O

:ﬂ-(n+k)><(n+k) 0 0 0
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Hence the matrix M can be written in terms of a single (k 4+ n) x k matrix M as

M
T1M
M(z) = ~ 4.9.4

(z) gy (4.9.40)

T3 M

The reality and invertibility conditions become
R|M'(q — qriq — qraq — qrsq) M| = Ryj. (4.9.41)
ij

Again, we need to split the vectors N; into blocks of four n + k£ columns vectors Ni. Thus, with the
ADHM constraints imposed on N; and M, the gauge field solution to the selfdual field equation is

A, =N'9,N. (4.9.42)

The derivation of the projectors and the fields strengths are straightforward. In fact, based on our
previous detailed calculations, the field strengths will always have the following form

Fuw = i4NTCR 0, CTN. (4.9.43)
There is a gap in the logic of our discussion: it is not clear that the number k appearing in the dimension
of the ADHM matrices is the instanton number. To complete our discussion we will prove that k is
indeed the winding number for the ADHM construction of the selfdual field. To begin with, recall that
the formula for the winding number in terms of the field strength is

1
k= / d*wtr (€ s FuwFap) - (4.9.44)

3272
Next, consider the expression of the selfdual field strength given by the ADHM construction.
Fuy x NTCR Y0, CTN,

where (for example for the case of the Sp(n) group) the dimension of the matrices N, C' and R are
respectively (n+k) xn, (n+k) x k and k x k. To simplify our calculation we discuss the Sp(n) gauge
group for concreteness. The main idea of the proof is the same for the other gauge groups except that
we need to account for the appropriate dimensions of the above three matrices. The dimension of the
matrix R is always fixed to k X k in our case.

Proof. We start by recalling one of the most important constraints on the matrix M of the ADHM
construction: it must be of rank k. Therefore, there must be some orthogonal matrices S € O(n + k)
and T' € O(k) transforming

M— M =B +C'z=SMT,
N — N’ = SN,
R — R =TTRT,

without changing the selfdual field solution. The expression for the field strength in terms of these new
matrices becomes

Fuw — Flp, = idN"T"C'R"" 5, C"TN,
= i4N'STSCTT" R T, T CTSTSN,
= idNT'CR 15, CTN,
= Fuv-
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The passage to the last line has used the above three transformation laws and the fact that S and T are
orthogonal matrices. This last equation shows that the ADHM construction is indeed invariant under
these transformations. It is straightforward to see that there exist matrices S and T', keeping the rank
of M’ to be k, such that

k

0 -« - 0
n
0 - - 0
~/
C'= Cnt+1)1 Cnt1)2 " Cnt1)k )
0 Cn+2)2 &
0 e 0 Cln+k)k
k /
where the k constant and quaternionic column vectors ¢;|._, ., = ¢yl . icic.y, are linearly

independent. Now, we can see from the matrix product N'tC’ that the only relevant components of the
vector N’ and thus of N are those below the nt" lines. Thus, there are exactly n 4+ k —n = k copies of
the quaternion z (because N is the only matrix depending on x) distributed among the diagonal entries
of the matrix F,,,,. A detailed computation now shows, [22]

tr (FuuFyu) = 16t [(VCR 0, O (VIR O], (4.9.45)
= a(x,)k. (4.9.46)

From the explicit form for a(x,,) it is possible to show that
/dﬁ‘xa(mu) = —1672. (4.9.47)

Hence, the number k appearing in the ADHM construction matrices is indeed the instanton number. [

4.10 The completeness of the ADHM construction

To prove that all possible instanton solutions are obtained from the ADHM construction, we need to
show that:

e Given any selfdual (or anti-selfdual) gauge potential A,, we can always construct (up to gauge
transformations) the matrices appearing in the ADHM construction.

e Given these matrices, we can reproduce the original potential we started with.

The proof is rather technical so we will only summarize the logic of the arguments presented by Corrigan
and Goddard [23]. They pointed out that massless Dirac fields are sensitive to the presence of instantons.
They carry information about the instanton field itself and this is the reason why we are studying these
fields. To this end, it is natural to find the solution of the massless Dirac equation in the background of
the instanton field. Indeed, by finding the solution of the massless Dirac equation in the background of
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the vector potential one can show that a given selfdual field configuration implies some algebraic matrix
equations. The matrix relations are the algebraic constraints that one needs to set up the ADHM
construction.

Recall that the covariant derivative in Euclidean space and the Dirac matrices are respectively

To O

Dy = 8a + Aq, ya:( OT Ta ) (4.10.1)

It is straightforward to check that the Dirac matrices satisfy the anticommutation relation

{'7;“'71/} = 25/.Ll/]]-4><4- (4.10.2)
The massless Dirac equation is now defined by
YuDp¥ =0, (4.10.3)

where V¥ is a four component massless spinor. Defining the projectors

1
P+:*(]l4x4+75)>

2

1 —15y 0
P_= - (Lia—75), where ~5=71727371 = 2 )

2 0 ]]-2><2

we can split the spinor W in two spinors W, and W_ containing the components of the positive and

negative chirality
v
Y= < v )

D, V_ =0, 7,D,¥; =0. (4.10.4)

Accordingly Dirac’s equation becomes

Now, it is straightforward to show by direct calculation that

T = S + 1260, (4.10.5)
TuT) = O + 120, (4.10.6)
where
0i4 = —044

is the anti-selfdual tensor defined in 't Hooft's single instanton solution. Accordingly, we can use the
above results and compute

71Dy Dy = 7i7,DuD,, (4.10.7)
= (8, +126,,) DDy, (4.10.8)
= D?+i6,,[Dy, D), (4.10.9)

= D* 4+ i6,,Fpu- (4.10.10)
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The passage to the last line has used the fact that 7, is antisymmetric under swapping . <+ v. Since
Fuv is selfdual and &, is anti-selfdual, the combination &, F,,, has to satisfy

5,uz/~7:ul/ = 0. (41011)
Now, we use the equation (4.10.4) to obtain
D*W, =0. (4.10.12)

This equation involves only the positive chirality component of the spinor. This equation does not
admit a normalizable solution. Hence the massless Dirac equation has no normalizable positive chirality
solutions. However, an application of an index theorem, [24, 25], shows that it has k linearly independent
normalizable negative chirality solutions, ¥_. Accordingly, the solution W_ can be put into the form
of a 2n + k dimensional matrix 1 with the elements ¢;,7, where 1 < ¢ <k, 1 <a<mn, [=1,2.
Following the argument of Corrigan and Goddard, we take the transpose of ;.7 in the two-dimensional

label and then multiply it by
0 1
€= < 10 ) , (4.10.13)

to obtain an n x 2k dimensional matrix ¢) = YTe. In order to obtain the ADHM matrices, we need to
integrate the formula [26]

Yl = —2821%‘1, (4.10.14)

where R is a k x k real and invertible matrix. After integration and performing the above change ¥ — 1,
we obtain the solution, [23, 27], )
¥ = N'CR, (4.10.15)

where N, C are (2k +n) x n, (2k + n) x k dimensional matrices respectively. In the solution above
N, C and R are the ADHM matrices. Details of the previous calculation can be found in [23, 27]. The
only matrix left to complete the ADHM construction is the matrix B. One way of finding the matrix B
is to study the large x behaviour of 9. Since M(z) — Cuz it is shown in [23] that the solution for

|z| =00

1 has the following form for large ||

i
<
=
%

¥ where g € SU(n). (4.10.16)
Finally, we conclude that, starting from the SU(n) selfdual instanton solutions, one can show that
M = B + Cz and N(x) can be reconstructed, up to gauge transformation. The trick in finding these
matrices strongly relies on the massless Dirac equation in the background of the field A,,.

4.11 The moduli space of an instanton

When we talk about the moduli space of an instanton, we mean the space of all inequivalent instanton
solutions. As a concrete example, the moduli space of an instanton, denoted M; ; in one dimensional
quantum mechanics is the trivial topological space R. This is because different instanton solutions
correspond to different values of the center of the instanton parameter, and the instanton center can
vary in the real line. In general, instanton moduli spaces are manifolds with each point in the manifold
corresponding to a particular solution.
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When we come to discuss Yang-Mills theory, we can further refine the notion of the moduli space by
considering the space of all instanton configurations that share a given instanton number k. In the case
of SU(2) Euclidean Yang-Mills theory, the dimension of the manifold isomorphic to the moduli space
of instantons, denoted My, o, is D = 8k, where k is the instanton number. This follows because there
are 8k arbitrary parameters appearing in the k instanton solutions to the selfdual field equations. Since
all gauge transformations of the solutions are physically equivalent, the moduli space of instantons is
quotiented by local gauge transformations. Of course, as we described above the moduli space must
only include solutions that differ by a global gauge transformation not solutions that differ by a local
gauge transformation.

Since a moduli space is a manifold, it is possible to define intrinsic and geometrical properties of the
moduli space. Indeed, if we consider for example the U(NN) gauge group, we know that the gauge field
A, is an element of the u(V) Lie algebra and thus we can generalize the inner product found in (3.9.20)
as follows

(A, 0AL) = / A atr(GAB A5 (4.11.1)

In this way we see that the moduli space denoted M; y for k instantons is endowed with a natural
metric. This metric written in (4.11.1) is not quite well defined, as we have not yet quotiented out by
local gauge transformations. Below we will return to this point and will define a metric for moduli space
that is gauge invariant.

Now, fix the instanton number to k and consider the moduli space for all selfdual field solutions. If A,
belongs to the moduli space M x a gauge transformation of A,, A, + dA, must also be a solution
and thus, it too belongs to My . The corresponding gauge transformation of the covariant derivative
is D, — 0y + Ay + 6A,. The linearized selfdual field equations imply that

D,(6A)) — D,(0AL) = €upeDy(0As). (4.11.2)
Indeed, a straightforward calculation shows that

[Dyy+ 0Au, Dy + A6 = [Dyu; D) d + [Dyy, A6 + [8A,, DyJd + O(3A%),
= Fud + Du(6A,0) — 8A,Dpd + Dy (8A,0) — 6.4, Dy,
= [ + Du(0Ay) = Dy (0AL)] ¢-

Now, use the selfdual condition F,, = %ew,pg}"pg for both the old and the gauge transformed field
strengths to obtain

Du(GA) — Dy(5.A,) = %EW, (D,(5A,) — Dy(5.A,)),
= €uvpo (Dp(5A0)~

The passage to the last line has used the fact that the tensor €, is totally antisymmetric and we have
relabeled the contracted indices.

Now, in terms of the small displacement J.A,,, we can define the metric on the moduli space as
g(0A,, 0A),) = /d4xtr(6Au5Ai,)6w,. (4.11.3)

We must require that all gauge equivalent gauge fields are collinear with their representative. One way
in which we can accomplish this, is to use the metric (4.11.1) but with the extra input that the metric
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is applied to tangent vectors that are first projected to be orthogonal to gauge transformations. By
requiring this we are simply making a choice of representatives for tangent vectors in the moduli space
after we have quotiented by local gauge transformations. By definition, our representatives obey

g(6A,, Dyn) = / d*ztr(8.A,Dym) = 0, (4.11.4)

_ / dtatr (D, (6A4,)1) = 0, (4.11.5)

for all . The passage to the second line has used an integration by parts. This last equation is also
equivalent to

DA, =0. (4.11.6)
Zero modes for the k instantons are solutions of the equations (4.11.2) and (4.11.6). They form the
tangent space of the manifold M n, which is the moduli space of instantons after gauge fixing. In
technical terms, the tangent bundle of the manifold M, x constitutes the space of the zero modes.

Now, return to the SU(2) gauge group. Our goal is to obtain the metric of M; 2. Our discussion will
follow the discussion given in [3]. Recall that there are 8k parameters appearing in the k instanton
solution. We can thus define collective coordinates (, on the moduli space M > where  runs from 1
to 8k. Our logic should be familiar. Indeed, recall that in chapter 2 the zero mode for the double well

potential problem had the form 92  where # was the instanton solution. By analogy, the zero mode

dt
solutions to (4.11.2) and (4.11.6) are 6,4, = %?5' For k = 1, the solution written to include all 8

parameters is

PPz = X), -1
(= X[ = X)7+ 2777
We can read from the above equation that the collective coordinates are , = (X1, X2, X3, X4, p, 01,62, 03),
where X, p and ; are respectively labeling translations, scaling and global gauge directions. The so-
lution given in (4.11.7) does not explicitly show that A, lives in u(2). However, use of the definition of

A, = (4.11.7)

0, shows that it can be written as 0, = muy%. Indeed
S —iloj,05] f p=i,v=j
me io; if u=1i,v=4,
0 los —lo loy
_1 0 1 1
293 271 202
sow=| 20 (4.11.8)
_%0'1 _%0'2 _%0'3 0 Y
Now, we read the u(2) components of 0, = 1., % as
0 0 0 1 0O 0 -1 0 0O 1 0 0
0 0 10 0 0 0 1 -1 0 0 O
mM=1 90 100" P71 0 o of ™| 0o 0 0o 1 (4.11.9)
-1 0 00 0 -1 0 O 0 0 -1 0

Since only the fourth components (u = i,v = 4) pick up an extra minus sign in the definition of
the anti-selfdual tensor 7, it is straightforward to see that the u(2) components for the anti-selfdual
matrices are

0 0 0 —1 00 -1 0 0 10 0

_ 00 1 0 ) 00 0 -1 ) 100 0

n o 100 | ™ 100 o ®=| o 0o -1 | “1110
1 0 0 0 01 0 0 0 01 0
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Now, using the above matrices, (4.11.7) is rewritten as

1 PPz —X), -1
=35 iur 9o . 4.11.11
2 (e = X2l = X)? 1 7] i (4-11.11)

This expression explicitly demonstrates that A, is an element of u(2). The translation (zero) modes
up, to gauge transformation, are written as

0X,

S Au = 72 + Dy, (4.11.12)

where €, must be chosen so that (4.11.6) is satisfied. Since % and dT act equivalently, it is
straightforward to see that the choice 2, = A, is valid. Indeed, under this choice, the expression
(4.11.12) yields 6(,)A; = Fuv. Moreover, (4.11.6) is automatically satisfied due to the equations
of motion D, F,, = 0, A, — 0, A, + [Au, Ayl = 0 in the background of the selfdual field config-
uration. Now, use (4.11.3) to obtain the component of the metric with respect to the directions
Cu = (X1, X2, X3,X4,0,0,0,0) of the moduli space

go‘ﬁ’a Be{1,2,3,4} /d4xtr [ (a)Aué(ﬂ)Au] ) (4.11.13)
= / d*atr(FuaFup) = 4S60as, (4.11.14)
= 321%0,p. (4.11.15)

Next, we want to find the components of the metric in the directions ¢, = (0,0,0,0,p,0,0,0) and
(s =(0,0,0,0,0,61,62,03). These are easily obtained if we know the scaling zero mode and the global

gauge orientation zero modes. Thus, we need to find 6.4, = a@ﬂ and 0 A, = %. However, since
A, given in (4.11.11) is by definition the solution of (4.11.6), one can show, [3], that the remaining
components of the metric are respectively

ga5|a,ﬁe{5} = /d4xtr(5_,4a5,,45) = 647r26aﬁa (4.11.16)

9aBla peiomsy = /d4xtr(5Aa5A5) = 647%0,5p°. (4.11.17)

Concretely the metric of the moduli space My 2 is

Jop = 3277 (4.11.18)

)
OOBNOOOOO

DO
ObMCJOCDOCDO

(el en e B s Bl e B e @]

(=Nl eloNoNoBoll S
(=N elelolBolBoll =
S oo oo+ OO
S o oo O OO
S OO NO O OO

[\
i)

ap

Having this metric, we are tempted to write the isomorphism

Mio ~ R x R (4.11.19)
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However, this is not true because the fields A, are left invariant under the center of the gauge group
Z5. The metric obtained from the gauge rotation zero modes plus the scale zero mode is a metric on

RT x S3/Z5 ~ RY/Z,.

p® belongs to RT, which is the set of real positive numbers. The parameters 6; of the gauge group
belong to the three sphere S3.

4.12 k =1 instanton solution for Euclidean SU(3) Yang-Mills theory

In this section, the precise value of the coupling constant does not play any role so for simplicity we
will set it to one. The k = 1 instanton solution for the SU(3) gauge group in 4-dimensional Euclidean
Yang-Mills has not been studied as well as the k£ = 1 instanton solution for the SU(2) gauge group.
In this section we will construct the solution for the SU(3) gauge group by exploring the geometrical
structure of the S® manifold embedded in SU(3). This geometrical structure is naturally reflected in the
algebraic structure of the Lie algebra. Our construction is novel. Once we had completed this analysis,
we discovered a closely related discussion in [28, p. 13-14]. Our construction emphasizes the geometry
more than [28, p. 13-14] does. The two discussions are in complete agreement.

Before entering into the details of our computation, it is useful to briefly recall the logic and main points
of our discussion of Yang-Mills instantons. We started by writing the Euclidean action for 4-dimensional
Yang-Mills theory. We then found that, to construct solutions of finite action, we need to find field
configurations that are pure gauge fields on S2.. Formulating the problem in this way, we were able to
recast it as the mathematical problem of finding maps that are classified by the the third fundamental
group 73(G) for the gauge group G which concretely amounts to classifying all the mappings: S2, — G.
In this way homotopy classes make a natural appearance and we found that each such homotopy class
is equivalent to a given finite action configuration. We further simplified our problem and learned that
we only needed to find selfdual (or anti-selfdual) field configurations.

Our discussion for SU(3) will follow the same ideas. Consequently, we want to find 73(SU(3)), which
will then enable us to determine the set of selfdual field configurations that have finite action, S, = 82.
It is these finite action configurations that will dominate the semi-classical limit. Our discussion for the
SU(2) gauge group showed that m3(SU(2)) ~ Z. This is easily understood if we remember that the
geometrical structure of SU(2) is S itself. We are then studying mappings from spheres to spheres
which are classified by the winding number, which takes values in Z.

Geometrically SU(3) is a connected and compact 8-dimensional manifold Mg. Bott has carefully
studied m3(SU(3)) and has concluded that m3(SU(3)) ~ Z. Intuitively we can understand Bott's result
by recalling that SU(2) is a subgroup of SU(3). This implies that S? is a submanifold of Mg. The
maps which are being classified by 73(SU(3)) are maps from S? into precisely these S3 submanifolds.
The following figure illustrates the above argument.
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Figure 4.8: § is a map from S3, to Ms. § wraps a submanifold S3 C Mg with S2_.

The above discussion is needed to demonstrate completeness of our construction for kK = 1 instanton
solutions for SU(3).

It is useful at this point, to review the su(3) Lie algebra. Our k£ = 1 instanton solution will make use
of properties of su(3). In addition, the above geometrical arguments will become very concrete when
understood in terms of the properties of su(3). Recall that in general, for SU(n), there are n? — 1 real
degrees of freedom. Accordingly, SU(3) has 8 degrees of freedom. This implies that the dimension of
the su(3) Lie algebra is 8. A convenient basis for su(3) is provided by the Gell-mann matrices. The
Gell-mann matrices are

010 0 — 0 1 0 0 0 01
M=1100 1], Xe=(¢ 0 0}, 3= 0 -1 0], =00 0],

0 00 0 0 O 0 0 O 1 00

0 0 —3 0 00 00 O 1 10 O
AdM=100 0], =1001], =100 —], =—7[01 0

1 0 0 010 0 2 0 V3 0 0 =2

It is straightforward to see that the above matrices satisfy the following defining properties of su(3)

A=\, where Viely=1{1,2,34,56,7,8},
tr()\i)|w€18 =0.
Often the factor % is omitted. We include this factor to ensure the orthogonality tr()\i)\j)|\ﬁ€18 = 20;5.
Finally, it can been shown by direct calculation that these matrices satisfy the following algebra.
Nas Xl =4 fabede Va,b,c € Iy, (4.12.1)
k

where fup., called the structure constants, are completely antisymmetric. The only non-zero structure
constants are

fi23 =2, (4.12.2)
Jiar = —f156 = foae = fosr = faa5 = —f367 = 1, (4.12.3)
fiss = fers = V3. (4.12.4)
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We call B = {Ai},,,, the canonical basis of su(3). B is an orthogonal basis. It is straightforward

to see that B’ = {\1, A2, Ay, Mg, A5, A, A7, A_}, where Ay = 4+)\3 + v/3)g, also forms an orthogonal
basis of su(3). Both of these bases B and B’ are relevant for the construction of k£ = 1 instantons for
SU(3). The sets {\1, A2, A3}, {A4, A5, A} and {Xg, A7, A\_} form three independent SU(2) subgroups
of SU(3). The abstract geometrical construction of an S submanifold of Mg becomes clear in terms
of the set of triplets \;'s. Indeed, the tangent directions of three different submanifolds S C My are
those triplets that we have just defined. Each triplet of \;'s forms a set of three different instanton
flavors.

To conclude our preparation for the construction of the £ = 1 instanton, we need to review 't Hooft
selfdual and antisymmetric ansatz o, for SU(2). Towards this end, consider the following corollary.

Corollary: The only antisymmetric and selfdual 4 x 4 matrix solution to M, = %GWMMW is

0 a b c
—a 0 c b

M, b —c 0 a , (4.12.5)
—c —-b —a 0

n

where there is no restriction on the set that a,b and ¢ belong to. Since there are three free parameters
this is the general form for a selfdual 4 x 4 matrix.

Now, with the help of this corollary and the previous discussion plus specifically the properties of the
constant structure fio3, it is trivial to see that

0 A3 =X A
1 =X 0 A1 A
A = > No A 0 s (4.12.6)
A =X X3 O w
is a selfdual and antisymmetric 4 x 4 matrix which lives in su(3). The decomposition of Auv in the basis
B is given by A\, = %(771,772,773,0,0,0,0,0), where 7; are defined in (4.11.9). Accordingly, by analogy
with (4.11.7), the k = 1 instanton solution in SU(2), we obtain the £ = 1 instanton solution for SU(3)

2(x—X), B
(@ - Xp>2([<:c - )3>2 T (4127)

p, X are respectively the size and center of instanton, g € SU(3) is a global gauge transformation in
the directions A1, A2 and A3. Now define X/, = %)\i. It follows that the k = 1 instanton solutions for
the other two independent triplets, associated to {A\4, A5, X, } and {Ag, A7, AL}, are respectively

A, =

2
+ e = X)y At gr! 4.12.8
AT e Xl - X)) (4128)
2
- po(x—X), - 1
A, = _A . 4.12.9
P Xpla - x)7 (#129)
The above )\ffl, are defined as
0 N, =X M 0 A =N X
11 =X 0 A s _ 1 =N 0 e A7
+ - + —— +
A = 2 As —XA 0 N r A 2 DY VRN | D U - (#12.10)
S VIS VS VR D P Ve |

% jn%
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The global gauge transformation g+ are respectively performed in the directions {)\47)\5,>\’+} and
{X6, A7, \_}. These results are simply explained by noting that the three triplets {\1, A2, A3}, {4, A5, X\ }
and {)\6, /\7,)\’,} share the same algebra [\, \a] = ifi23A3. It is straightforward to see that the com-

ponents of )\i,j in the basis B are respectively
1 UE V3
Ah == - —
uv 2(0707 2 7771777270707 2 773)7
~ 1 : V3
A;u/ - 5(07 07 _@7 07 07 m,n2, 7773)

2 2

The solutions given in (4.12.7), (4.12.8) and (4.12.9) are the solutions for a k = 1 instanton for gauge
group SU(3) in 4-dimensional Euclidean space. These solutions are inequivalent in the sense that the
zero modes coming from the global gauge transformations are different. Having these solutions, we can
extend our investigation of the moduli space of the £ = 1 instanton solution. Indeed, with the help of

the collective coordinates x,, = (X1, X2, X3, X4, p,61,...,0g) one can show that the dimension of the
moduli space for k£ = 1 instanton solution for SU(3) is D = 12. This is due to the fact that the relation
[Ag, A5] — iA3 = [A¢, A\7] + iA3 relates the parameters 63,...,03. The 12 zero modes are in perfect

agreement with the zero modes counting in [3]. The counting in [3] is based on the index theorem
and concludes that the number of zero modes for k instantons in SU(n) is 4kn. In our case we have
k=1,n=3 thus D = 12 is indeed the number of zero modes expected.

To conclude this section, note that we already have a clue for the construction of the £ = 1 instanton
solution for SU(n). In fact, among the n? — 1 basis vectors of su(n), the first three vectors of the Lie
algebra always have the form

010 0 0 —i 0 0 1 0 0 0
100 ...0 i 00 ... 0 0 -1 0 ... 0
=000 ..0| p=|00O0..0| 7=|000..0
000 ...0 0 0 0 0 0 0 0 ...0

These matrices satisfy the commutation relation [T1, T3] = i f123T3, where again fi123 = 2 is completely
antisymmetric. Just like in the previous discussions, these matrices form a submanifold S of the
geometrical structure of SU(n). Thus, we find one type of k£ = 1 instanton solution

PPz —X),

A= XX 2 9Twg ™" (4.12.11)

where g € SU(n) is a global gauge transformation along the directions 77, 75 and T3 while 7, is
defined by

0 5 1T, Ty
=15 0 T 115
T -1 0 13
-7y -1y T3 0

T = (4.12.12)

By noting that SU(3) is also a subgroup of SU(n) when n > 3, we can start by inserting in the left
upper corner of T; the others \; to yield further £ = 1 solutions for SU(n) in general.



5. D =5 SU(2) Maximally Supersymmetric
Yang-Mills Theory (MSYM) and the NV = (2,0)
theory

In this chapter we will return to a general gauge coupling A and we will return to Minkowski space.
We will explain the relevance of instanton solutions to the D = 4 dimensional Euclidean Yang-Mills
theory for the D = 5 Minkowski space Yang-Mills theory. Moreover, we will derive dyonic instantons
after adding to the pure bosonic Yang-Mills theory a complex scalar potential. D = 5 dimensional
super Yang-Mills theory arises as the low energy dynamics of open strings attached to D4—branes.
The D4—branes set up Dirichlet boundary conditions for the endpoints of the open strings in the
directions orthogonal to the D4—branes and Neumann boundary conditions in the directions parallel to
the D4—branes. The position of the open string endpoints in directions parallel to the D4—branes is
described by the Yang-Mills gauge field, while the position of the open string endpoints in the directions
orthogonal to the D4—branes are described by scalar fields transforming in the adjoint representation of
the gauge group. In this way, the spectrum of open string excitations for open strings stretched between
different D4—branes contain the U (V) gauge fields A, where 1 runs from 0 up to 4, and five scalar
fields. In our study we consider a stack of two D4—branes so that the gauge group is SU(2).

As described earlier, due to the boundary of the worldsheet, the left- and right-moving fields are re-
lated. This breaks half of the allowed supersymmetries so that the theory in the presence of a stack
of D4—branes preserves half of the allowed supersymmetries of the full spacetime symmetry group.
Therefore this theory will enjoy an A" = (2,0) supersymmetry in 5 dimensions. The instantons are
1/2—BPS meaning that these solutions only enjoy half of the (2,0) supersymmetry. Finally, when the
scalar fields are excited to obtain dyonic instantons, the solutions preserve only one half of the supersym-
metry preserved by the instanton. We summarize this by saying that the dyonic instanton is a 1/4—BPS
object.

5.1 Instantons

In the previous chapter, we have seen that instantons are solutions to the pure bosonic Euclidean Yang-
Mills theory in four dimensions. Thus it is natural to consider only the bosonic fields of the D = 5
Yang-Mills theory. The bosonic action is

S = dPwtr(F FH). (5.1.1)

42

We can see from this action that in 5 dimensions the dimension of the gauge coupling is [A\] = L~2. This
means that Yang-Mills interaction is irrelevant, or equivalently, that the theory is non-renormalizable.
Note that we are now in Minkowski space so that the contraction of the indices is with the usual
Minkowski metric. In addition, the covariant derivative, the gauge fields and the field strengths must
be Hermitian. Concretely, our conventions are

D, = 8, — iAA,,
Fuw = 0, A, — 0 A, — iN[A,, Al
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Having the above action, by analogy to the equation (3.3.20), it is straightforward to see that the energy
of the system is

1

E = 2 /d‘*mtr(fiofio + Fij Fij)- (5.1.2)

Since tr(FipFi0) > 0, a calculation using the ideas that give (4.5.14) can be performed to show that

472 k|
B> =, (5.1.3)
where k is the instanton number

1.4
"= gon2 i (5.1.4)

The above inequality proves that instantons are solutions to the low energy dynamics of the D = 5
MSYM. Since the instanton numbers are integers these minima correspond to discrete energy values.

5.2 Dyonic instantons

As described above, dyonic instantons arise after adding complex scalar fields ¢(z) to the Lagrangian
(5.1.1). The presence of a non-zero complex scalar field does not affect the instanton field configurations.
As a result dyonic instantons inherit the geometrical properties of instantons. Indeed, dyonic instantons
are also solutions to the selfdual field equation but now with a non-zero scalar potential. The scalar
potential ¢ encodes the separations of the D4—branes in the directions transverse to the D4—branes.
¢ lives in su(2) so that [A,,¢] # 0. For simplicity, we will assume that the only non-zero VEV is in
the x4 direction so that the dyonic instanton action is

S = /d%tr ( AQFWf + D qﬁ*D“qﬁ) (5.2.1)
Using this action for the dyonic instantons, the corresponding energy is
B = [ ot (h(Fa)l + 2 (F) + (Dud)? + (D)),
_ ; / datr (3Fi0 — Dio)® + gk (Fij — Fiy)® + (Dod)® + gha FigFyy + 23 Fio Do)
In term of the dual of the field strength, ]}ij = %eijkl]:kl, we can rewrite the energy as
/d4xtr Fio — Di¢)? + 1= (Fij — Fij)? + (Dog)? + 532 Fij Fij +2§ﬁoDi¢). (5.2.2)

From this new expression of the energy, we see that the conditions

Fij = Fij, (5.2.3)
Fio = Do, (5.2.4)
Dy = 0; (5.2.5)

attain the lower bound of the energy, given by

2
B> 82| k|
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where k is the usual instanton number and Qg is the electrical charge defined by
Qrp = /d4xtr(Di¢)2. (5.2.7)

The inequality (5.2.6) tells us that dyonic instantons are solutions of minimum energy. (5.2.3) is the
condition for a selfdual field strength. Together the equations (5.2.3), (5.2.4) and (5.2.5) are the BPS
equations for the dyonic instanton. The second and third equations are satisfied when the spatial gauge
fields are static and Ay = ¢. Indeed, we have

{ Fio = D;o o { 0; Ao — 0o A; — iA[A;, Ao) = 0ip — iA[A;, @] N { 0o A; =0
Dod =0 8o — iN[Ao, &) = 0 Ao = ¢,

The equation of motion for the scalar field
D,D'¢ =0 (5.2.8)

still needs to be solved. In cases where there is more than one VEV we need to solve for each of the
corresponding scalar fields. When the VEV of ¢ vanishes, ¢ itself vanishes everywhere and the dyonic
instantons reduce to the neutral particle-like instantons.

We know that the k > 1 instantons make an exponentially small contribution to the path integral (see
(4.5.20)), and hence their contributions are negligible. Similarly, it is enough, with exponential accuracy,
to consider only the single dyonic instanton. The k = 1 dyonic instanton solutions for SU(2) are [29]

2
XpQ:L‘j T4 2 o3

Aii naij?7 ¢:$2+p2?

- o (5.2.9)

The spatial components of the gauge field are the k£ = 1 instanton solution for SU(2) as we claimed.
This single instanton solution is centered at X = 0 and the gauge zero modes are not exhibited in the
solution. Using the above solution, one computes the field strength F;o = D;¢ to find

2. Oq

2p%x;
Dip = Fip = mﬁsjmail 5 (5.2.10)
This expression for the temporal field strength allows us to evaluate the electric charge of the dyonic

instanton. Indeed, using the formula (5.2.7), one finds [29]
Qp = /d4xtr(]—"¢0]~"¢0) = 47r2p2. (5.2.11)

Finally, this equation demonstrates that an instanton of size p ~ /|Qg| is stabilized by the electric
charge of the dyonic instanton. In other words the fact that we coupled the scalar potential field to the
pure instantonic field has produced a stable and static instanton.

5.3 Instantons in D =5 MSYM and the N = (2,0) theory

The N = (2,0) theory is a 6-dimensional superconformal quantum field theory. It has been conjectured
that the compactification on a circle, (see Figure 5.1) of the A/ = (2,0) theory gives a theory, that at
low energy is equivalent to D =5 MSYM. The D =5 MSYM contains 16 supercharges.
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(SU(), L1, X2, X3, 5174)

Figure 5.1: Figure illustrating the compactification on a circle of a 6—dimensional Minkowski spacetime.

The above figure illustrates that the compactification is constructed by performing an identification in
the x5 direction. Given the coordinates (x,,x1, %2, 23,24, 25)|p for a point P, for any integer k the
point with coordinates (z,, x1, Z2, 3, T4, 5 + 2kmR) is identified as the same point P. In other words,
we simply write x5 ~ x5 + 2kmR, where k € Z and R is the radius of the circle in the figure above.

We demonstrated in the previous section that solutions to the low energy dynamics of the D = 5 MSYM
can be obtained from the the instanton solution to the four dimensional Euclidean Yang-Mills theory.
Accordingly, we will show that if D =5 MSYM is equivalent to the compactification on a circle of the
N = (2,0) theory, instantons in the lower dimensional theory must be identified with the Kaluza-Klein
modes of the compactified dimension. This statement suggests that instantons are lifted to real particles
embedded in the extra dimensions.

Now, return to the relation (5.1.3). It is straightforward to see that at the lowest energy scale of the
theory, the gauge coupling of the D =5 MSYM is
472 472

M= — .
E Minst

(5.3.1)

The Einstein equivalence between mass-energy has been used to identify that the quantity M, as the
mass of a single instanton. Following the discussions in [30, 31, 32], it is known that the size of the
compactified dimension is given by R ~ A\? where R is the radius of the circle of compactification. Also,
it is known [3] that the Kaluza-Klein modes (KK-modes), corresponding to momentum modes around
the circle, have mass Mg = %. Hence, in summary we find

1
Mgk = Minst = ok (5.3.2)
Accordingly at very strong coupling A2 — 0o the mass of the instanton goes to zero. Since an instanton
of arbitrary size is a stable particle in the presence of a scalar field the behaviour of instanton mass is

the basis for the claim that instantons are real particles in the extra dimension.



6. Conclusions

This work has achieved a rather broad review of the physical applications of instanton solutions. Indeed,
applications ranging from the simple example of a potential in one dimensional quantum mechanics to
complicated quantum field theories, including supersymmetric Yang-Mills theory have been described.
In all of these examples, the vacuum to vacuum transition amplitude has been computed using a
semi-classical expansion. These expansions are always dominated by the classical Euclidean instanton
solutions. In other words, instantons play an important role in determining the vacuum structure of the
theory.

This physical relevance of instantons may at first sight be surprising, given that the instantons are
solutions to the equations of motion derived from the Euclidean action, obtained after performing a
Wick rotation of the time direction. One might have expected that performing a Wick rotation of
the time will divorce us from the physics of the original theory. However, in the case of quantum
mechanics we were able to exactly recover the even part of the energy spectrum of the simple harmonic
oscillator, directly from the Euclidean space solutions. Moreover, our comparison of the WKB solution
to the Schrédinger equation for the double well potential and the instanton solution to the double well
potential are in complete accord. Further, we showed that instanton solutions for the periodic potential
correctly lead the continuum band of energy states predicted by electronic band theory of solid state
physics. Together, this is a convincing demonstration of the physical relevance of the Euclidean theory.

One technical detail that we used, is that the contribution to the transition amplitude of the small
fluctuations around a configuration of n well separated instantons is given by K", where K is the
contribution of the small fluctuations around a single instanton. Although this is a standard assumption,
there is no clear technical justification for it in the literature as far as we can see. We have demonstrated
this fact by showing that the number K is given by the zero mode measure times the inverse square
root of the product of the energies of any boundstates of a well in V" and the effect of the well on
the continuum eigenvalues of a partial differential equation defining the instanton zero modes. Each
additional instanton in the multi-instanton configuration supplies an extra potential well and hence an
extra factor of the bound state eigenvalues.

Our study of instantons in quantum mechanics was primarily to prepare for a study of instantons in
quantum field theory. In the quantum field theory, a study of instantons leads not only to interesting
physics but also to fascinating mathematics. Indeed, we have learned that instantons are field config-
urations that are pure gauge on the surface of the three sphere at infinity, in 4-dimensional Euclidean
space. Based on this, we argued that instantons are classified by the third fundamental group 73(G) of
the gauge group G. Our results imply that we can realize m3(G) in terms of the selfdual solutions to
the field equations. With 't Hoofts ansatz for the k = 1 instanton solution for SU(2) in hand and with
the help of the ADHM construction, which demonstrates the existence of the &k > 1 instanton solutions
for any gauge group, we were able to construct completely the k¥ = 1 instanton solution for SU(3).
Further, we have introduced a particular for k = 1 instanton solution for SU(n), for any n. The k =1
instanton solution for SU(n) is easily constructed following our algorithm for SU(3).

Our conventional understanding is that instantons do not represent real particles, like for example, the
photons of QED. Indeed, they are solutions to the Euclidean theory obtained by analytic continuation
of the Minkowski theory. Instantons do however encode non-trivial information about the low lying
energy states of the theory. In contrast to this conventional wisdom, as we have reviewed, instantons
are solutions to the low energy dynamics of the D = 5 Minkowski MSYM theory. These instanton
solutions are not stable unless we add extra scalar potentials to the pure Yang-Mills action. The extra
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scalar potentials arise very naturally in the low energy theory of the open strings attached to D4—branes.
In this setting, the D = 5 Minkowski MSYM theory might provide a description of the dynamics of
a compactified six dimensional theory describing the physics of an M-theory fivebrane. In this setting,
the instantons behave like real particles of the six dimensional theory that have momentum along the
compactified dimension. Of course this proposal is very speculative. However, our review of this idea,
based on [30, 31, 32, 3], convinces us that this idea deserves further study.



Appendix A. Numerical Spectrum for the double
well potential

A.1 Numerical computation of K for the double well potential

Here our goal is to find the eigenvalues determined by the eigenproblem (2.7.27) and then compute K
using it expression given by (2.7.26). We start by choosing a suitable value for T, which defines the
domain of t. To this end, consider the analytic solution Z(t) for a single instanton,

_ tanh(t — t2)

Z(t . Al1l
0 =" (AL1)
T must be chosen large enough that
1 tanh(L —¢) o 1t h(T ) (A12)
= ~ tanh(— — t2). 1.
V29 V29 2

If we choose % =10 and t5 = 0, the error between tanh(10) and 1 is already less than 4 x 10~°. Thus,
setting T' = 20 is a good approximation for our numerical computation. The eigenvalues are obtained
by searching for the values of A at which the functions v, (t) obey the boundary conditions

aw)\i (t)

@Zb\i(—lo) =0, ot

=1; and ,,(10) =0. (A.1.3)
t=—10

We use the first two boundary conditions above together with the odell3() function in matlab to
numerically construct the function y,(¢). We then test the third condition above. Whenever it is
obeyed, we know that we have found an eigenvalue. The explicit form of the equation that we want to
solve is

dt?

In order to implement the problem numerically, we need to convert it to first order form. This is easily
achieved as follows

2
<—d + 6tanh2(t —tg) — 2) Uy, = Ny, (A.1.4)

dipy,

Dy, (A.L5)
P _ (Gran?(t 1) ~ 2 A, (A1L6)

which can also be written as

% < wQ(S) ) - ( 6 tanh? (¢ —(152) —2- N é ) ( 12(85) ) : (A.L7)

In the figure below we have plotted the numerical results for typical choices for the eigenvalue F.
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5000

L L
1o -5 0 5 1n -10 -5 a 5 10

Figure A.1: Eigenfunctions which corresponds to the eigenvalues A = E;.

Figure A.1 shows that A\, = 0 and A; = 3 are eigenvalues of (2.7.27). A careful search over A shows
that these are the only eigenvalues. These results are in perfect agreement with the analytic solutions

of (2.7.27). Thus, we find
S, 1 1
K= —VI9 =4/ —. Al
27h \/3\/5 \ 7gh (A18)
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